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Abstract
Continental Antarctic vegetation communities represent good baseline environments for climate
change research, with little human impact, simple trophic structures and fewer interactions than
more complex ecosystems. They are expected to be more sensitive to environmental changes than
communities in less severe conditions, however, continental Antarctic ecosystem responses to
climate change are still uncertain, due to a paucity of available biodiversity data across the
continent.
In the East Antarctic, changes to the Southern Hemisphere Annular Mode (SAM), primarily driven by
the Antarctic ozone hole, have caused stronger circumpolar westerly winds, which have migrated
poleward by 1-2° of latitude since the late 1970s. These winds have been linked to decreases in East
Antarctic moss growth rates. Existing moribund and lichen-encrusted vegetation patterns in the
Windmill Islands, East Antarctica suggest that this region is currently undergoing a period of longterm drying, with contraction of bryophyte communities to areas with reliable moisture supply. In
order to assess recent vegetation changes in the Windmill Islands region, a long-term monitoring
system was established in 2003.
Here, I present the results from the first decade (2003-2013) of repeat long-term vegetation
monitoring at two sites in the Windmill Islands, East Antarctica (Antarctic Specially Protected Area
135 and Robinson Ridge), with the addition of data from a pilot study in 2000. Vegetation cover,
health and species composition were assessed along a series of transects spanning a community
gradient from pure bryophyte stands in the wettest areas, to drier lichen-dominated communities
higher up the slopes.
Moss health state changes were observed and assessed as healthy, stressed and moribund over the
decade of monitoring. A marked increase in stress and decline in health was observed in 2008, due
to some stress event prior to the 2008 sampling. Moss health then further improved by 2013, with a
return to baseline levels of health at ASPA 135, and regaining health to 2/3 of baseline levels at
Robinson Ridge. Associated increases in the cosmopolitan species Ceratodon purpureus and
moribund moss were found at both sites. This indicates that these vegetation communities are
resilient, however moss can become moribund if stress is of high intensity or occurs for prolonged
periods. The increase in the cosmopolitan moss species may lead to decreased abundance of the
Antarctic endemic Schistidium antarctici, potentially causing concerns for conservation and
management of these communities.
v

The methods and recommendations for future sampling protocols developed in this thesis will
provide guidelines for future Antarctic vegetation monitoring programs, particularly for the Antarctic
Near-shore and Terrestrial Observing System (ANTOS) monitoring network currently being
developed. These methodologies are fast and effective, and can be implemented at the tiered levels
of the ANTOS. If implemented across the continent, this would provide valuable data on vegetation
biodiversity and change across the region. The current East Antarctic long-term monitoring system
informs Australian State of the Environment Indicator 72*, regarding terrestrial Antarctic vegetation.
These results will help to inform policy and management of vegetation in the Australian Antarctic
Territory.
* https://data.aad.gov.au/aadc/soe/display_indicator.cfm?soe_id=72
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1 Introduction
1.1 Antarctic Environment
Antarctica is one of the harshest, most extreme environments on Earth. It is a cold desert, the driest
continent on Earth, with considerably colder temperatures than those at equivalent latitudes in the
Arctic (Kennedy 1995). The most remote continent on Earth, Antarctica has been geographically
isolated for over 25 million years. Its nearest neighbour, South America, is more than 1000 km away,
and the other closest land masses, South Africa and New Zealand, over 4000 km distant (Kennedy
1993a). In addition to this separation by distance, barriers exist in the form of ocean and air
currents, which restrict the immigration of propagules as well as isolating the continent from heat
transfer with warmer regions (Kennedy 1993a, Convey 2005). The Antarctic continent is thermally
isolated by the Antarctic Circumpolar Current, which prevents the cold Antarctic waters mixing with
temperate waters, thus causing southern high latitudes to be much colder (by at least 5–10°C) than
those in the northern hemisphere (Clarke et al. 2005, Convey 2005). There is thus no northern
comparison for the conditions experienced over the vast majority of the Antarctic continent (Convey
2005).
For more than 1 million years, the Antarctic continent has been predominantly covered by ice up to
4 km deep, with terrestrial biota currently restricted to the 0.34% (or as little as 0.18%, based on
recent revisions by Burton-Johnson et al. (2016)) of ice-free land across the continent (Block 1994,
Hughes et al. 2016). The Antarctic ice sheet contains approximately 90% of the world’s fresh water,
however the Antarctic terrestrial environment is one of the driest deserts in the world since free
water is only available in summer months when some of this snow and ice melts (Kennedy 1993a,
Frenot et al. 2005). Additional drying is caused by high wind speeds, which increase evaporation and
sublimation (Clarke 2008, Clarke et al. 2012, Turner et al. 2014a).

1.1.1 Antarctic biogeographic zones
Three broad biogeographic zones are recognised within the Antarctic region: the sub-Antarctic,
maritime Antarctic and continental Antarctic, with climatic conditions differing between these zones
(Figure 1–1; Longton 1988, Convey 2005, Huiskes et al. 2006, Chown and Convey 2007). Mean
annual air temperatures range from -60°C on the continent to +6°C on sub-Antarctic islands, and the
temperature range at any one site can be as much as 68°C throughout the year (Block 1994).
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The sub-Antarctic zone encompasses the ocean and islands between 48°S and 60°S, lying between
two oceanographic boundaries, the Antarctic Divergence and Antarctic Convergence, including
South Georgia, Marion and Prince Edward Islands, Îles Crozet, Îles Kerguelen, Heard and Macquarie
Islands (Seppelt et al. 1998, Convey 2005, Ochyra et al. 2008). In the sub-Antarctic, winter
temperatures remain within a few degrees of 0°C and summer temperatures regularly exceed 5°C,
with positive mean air temperatures for 4-6 months each year (Convey 2005). The sub-Antarctic
experiences frequent precipitation from 100 to 200 cm yr-1, and the islands are not normally
impacted by pack or fast ice (Kennedy 1993a, Convey 2005).
The maritime Antarctic includes most Antarctic Islands south of 60°S such as the South Orkney
Islands and the South Shetland Islands, as well as some north of 60°S such as the South Sandwich
Islands and Bouvetøya, in addition to the north-west Antarctic Peninsula (Seppelt et al. 1998, Lewis
Smith 2000, Ochyra et al. 2008). The maritime Antarctic is cooler, with mean monthly temperatures
above -15°C in winter and up to 2°C in summer, and moderate precipitation (measured as water
equivalent) from 25 to 100 cm yr-1 (Kennedy 1993a).
The continental Antarctic comprises the Antarctic continent, the remainder of the Antarctic
Peninsula and several peri-Antarctic islands south of 60°S, including Peter I Øy, Scott Island and the
Balleny Islands (Seppelt et al. 1998). Continental Antarctica has one of the harshest climates on
Earth, with minimum temperatures falling below -70°C in winter and mean temperatures generally
remaining below 0°C in summer (Longton 1988). Many continental Antarctic meltwater streams flow
for less than two months per year, and in addition to low precipitation rates (30-70 mm yr-1), this
leads to severely restricted available water on the continent (Kennedy 1993a, Robinson et al. 2003,
Huiskes et al. 2006).

2

Figure 1-1
Map of Antarctica, showing the three biogeographic zones, the sub-, maritime and
continental Antarctic. The region of interest to this thesis is the Windmill Islands, noted in red. Adapted from
Convey (2010).

1.1.2 Antarctic Conservation Biogeographic Regions (ACBRs)
Continental and maritime Antarctic flora and fauna are restricted to ice-free areas, all of which have
recently been categorised into a set of 16 Antarctic Conservation Biogeographic Regions (ACBRs)
(Figure 1–2; Terauds and Lee 2016). These ACBRs were determined based on historic biogeographic
classifications, Environmental Domains of Antarctica (EDA) analyses based on abiotic variables,
expert identification of Antarctic bioregions, and the Antarctic Biodiversity Database (ABD) (Terauds
et al. 2012). The 16 ACBRs represent biologically distinct regions across the Antarctic region (Terauds
et al. 2012). However, they are not represented by the current system of Antarctic Specially
Protected Areas (Shaw et al. 2014). ASPAs designated to protect biodiversity currently represent less
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than 5% of the area of each ACBR (Terauds and Lee 2016). East Antarctica, the region of most
Australian interest, currently has 27.9 km2 of ASPAs designated for biodiversity, from a total ACBR
area of 1109 km2 (2.5% of all ice-free land in this region), at eight different locations throughout the
region (Terauds and Lee 2016).

Figure 1-2
Antarctic Conservation Biogeographic Regions(ACBRs v2). These 16 regions cover all ice-free
areas of Antarctica. Taken from Terauds and Lee (2016).

1.2 Antarctic Floral Biodiversity
Antarctica’s remoteness and severe climatic conditions, along with the numerous ice ages scouring
away most life forms from the rich, diverse preglacial period, have led to low biodiversity in modern
times (Kennedy 1993a, 1995, Bergstrom et al. 2006). As environment severity increases with
increasing latitude, species diversity typically declines (Hillebrand 2004). In the northern high
latitudes, the Arctic encompasses substantial parts of the North American and Eurasian continents,
Greenland, and a number of islands, with only localised glaciation and many land masses in close
proximity (Seppelt et al. 1998). This provides vast areas of suitable habitat for a diverse range of
vegetation species (Table 1–1; Seppelt et al. 1998), albeit with reduced diversity compared with
lower latitudes (Hillebrand 2004). In contrast, in the southern high latitudes, Antarctica is a single
remote continent, a land mass of which over 99% is covered by a vast expanse of ice, severely
reducing the areas of suitable habitat for vegetation (Kennedy 1993a, Seppelt et al. 1998, Chown
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and Convey 2007). Antarctic terrestrial vegetation is only found in ice-free areas, predominantly on
coastal outcrops, larger islands and some inland nunataks; and these areas are separated at scales of
meters to hundreds of kilometres by uninhabitable (for most flora and fauna) environments of
permanent ice, snow or ocean (Kennedy 1995, Seppelt et al. 1998, Doran et al. 2002, Okitsu et al.
2003, Huiskes et al. 2006, Chown and Convey 2007, Hughes et al. 2016).
Antarctic communities are limited by extreme abiotic conditions, and appear to be at the first stages
of colonisation or succession, with limited biotic interactions (Kennedy 1995, Convey and Smith
2006, Hennion et al. 2006). Species diversity and distribution in the Antarctic is determined by
regional species pools and biogeographic history, in addition to suitability of sites, which are patchy
and discontinuous (Chown and Convey 2007, Convey et al. 2014). Site suitability is particularly
related to water availability in continental Antarctica, whilst nutrient availability, soil water
movement and temperature are most important in the sub-Antarctic (Chown and Convey 2007,
Convey et al. 2014). Continental Antarctic biodiversity is increasingly controlled by microclimate,
becoming confined to fewer suitable sites, as latitude and environmental extremes increase (Brabyn
et al. 2006). Antarctic biota may be significantly affected by minor changes in microclimatic
conditions, as the ecological niches in Antarctica are very specific, relying on moisture and
protection from wind erosion (Melick and Seppelt 1997, Convey et al. 2014). Antarctic ecosystems
include little functional redundancy, as particular biological functional groups are poorly represented
or absent, thus the loss of species may lead to loss of specific functions in the ecosystem (Convey
2005).
The most biodiverse zone in the Antarctic region are the sub-Antarctic islands, which support
substantial invertebrate fauna, a variety of vascular plants, and large numbers of bryophytes and
lichens (Table 1–1; Kennedy 1993a). The maritime Antarctic is home to two vascular plant species,
which grow as far south as 69°22’S, widespread liverworts and macrofungi, and closed stands of
mosses, lichens and algae (Table 1–1; Kennedy 1993a, Convey et al. 2011). The much harsher
continental Antarctic, with fewer ice-free areas, is sparsely vegetated, with occasional stands of
moss, lichen and algae, in addition to widespread communities exclusively composed of
microorganisms (Table 1–1, Figure 1–3; Kennedy 1993a, Convey 2005). Continental Antarctic
vegetation also includes chasmoendoliths (lichens and algae which grow in fissures within rocks)
which, although widespread in coastal regions of Antarctica, are often overlooked, as they occur
within rocks, and are thus difficult to find (see Figure 1–3 g and h; Longton 1985, Kennedy 1995).
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Table 1-1
Vegetation species diversity in the three Antarctic biogeographical zones, compared with
those in the Arctic. Adapted from Seppelt et al. (1998), Bednarek-Ochyra et al. (2000), Convey (2005), Ochyra
et al. (2008), Van der Putten et al. (2010), Øvstedal and Smith (2001, 2004, 2011), Bramley-Alves et al. (2014)
and H. Peat (pers. comm. 2017).
Group
Sub-Antarctic
Maritime
Continental
Arctic
Antarctic
Antarctic
Flowering plants
60
2
0
900
Mosses, Liverworts
335
134
25
600-700
Lichens
>250
269
92
2,000

Figure 1-3
Typical examples of continental Antarctic bryophyte flora. (a, b) Moss turfs in the Windmill
Islands, East Antarctica; (c) moss pillars in a deep freshwater lake in Hotoke-ike, Sôya Coast, East Antarctica; (d)
moss buttons are a common form in more exposed locations (seen here with a bird quill); (e) moss still
photosynthesising under water and a thin layer of ice, producing oxygen bubbles; (f) in drier areas, lichens
grow over moss turfs; (g) endolithic lichens are commonly found in rock crevices; (h) hypolithic communities,
where flora exists under or within rocks (h2 is the underside of a rock originally situated in h1); (i) moss lining
an icy melt stream in the Windmill Islands, East Antarctica. Taken from Bramley-Alves et al. (2014).

1.2.1 Antarctic Vegetation
Plant productivity and growth is limited in the harsh Antarctic environment, due to the related
subzero temperatures and lack of free water (Wasley 2004, Clarke 2008, Johansson and Thor 2008).
Antarctic vegetation is supported in areas with specific favourable environmental conditions,
including Northern exposure, micro-climate above freezing during the day, shelter from wind,
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lengthy duration of available melt water and well developed winter snow cover (Longton 1985). The
availability of water and nutrients for vegetation communities is currently very patchy throughout
the Antarctic (Beyer and Bolter 1998, Wasley 2004). Antarctic soils are also particularly unstable and
mobile, due to the frequent freeze-thaw disturbance and permafrost, thus reducing propagule
establishment effectiveness and making it difficult for plants to secure footholds in the soil (Convey
2005).
The only two vascular plants native to the Antarctic region are constrained to the relatively mild
Antarctic Peninsula, with the sparse vegetation dominated by cryptogams (bryophytes, lichens and
algae) in the remainder of the region (Kennedy 1995, Clarke 2008). When little water is available,
cryptogams will enter a dormant state, through controlled dehydration of their cells, thus enabling
these plants to survive the harsh dry winds and rehydrate at the beginning of the short summer
growing season (Nov–Mar; Melick and Seppelt 1997, Robinson et al. 2003).
The metabolic activity of cryptogams is poikilohydrous, solely depending on moisture availability in
their local habitat, either in the substratum or the atmosphere, due to the absence of roots and
epidermal or cuticle layers, thus they are restricted to areas with available meltwater in the
Antarctic summer (Kappen 1993, Kappen et al. 1998, Robinson et al. 2000). The cryptogamic
vegetation in continental Antarctica can only survive the harsh winters, with temperatures below 20°C, constant darkness and no available water, due to this poikilohydric nature (Schlensog et al.
2004, Bramley-Alves et al. 2014). This enables these species to desiccate and reactivate without
major damage, although with a consequence of retarded growth (Kappen 1993, Schlensog et al.
2004). Recent studies have shown that in their dried state, bryophytes can survive extreme freezing,
however if they are forced to freeze in a hydrated state, their tolerance of freezing is limited to
temperatures above –10°C (Lenné et al. 2010, Roads et al. 2014).
Seasonal snow and ice cover is important to buffer the isolated cryptogamic vegetation from the
extreme low temperatures and rapid fluctuations and abrasion by wind-blown ice, characteristic of
Antarctic conditions (Convey 2005, Dunn and Robinson 2006). Upon emergence from snow cover in
summer, cryptogams in Antarctica are exposed to frequent subzero temperatures, strong winds,
intermittent water supply and elevated ultraviolet-B radiation (UV-B, 280-315 nm) levels, which all
contribute to decreased plant growth and productivity (Robinson et al. 2003, Wasley 2004).
Although it is often thought that temperature is the limiting factor for life in continental Antarctica,
it is most likely water availability that determines where life can exist in Antarctic regions (Kennedy
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1993a, Davey 1999, Doran et al. 2002, Convey 2005, Convey et al. 2014). This is shown by the sparse
distribution of life in Victoria Land, where there is little life in the Dry Valleys. Here, summer
temperatures exceed 0°C, but a variety of plant communities are found only in the two moist zones
on either side of the arid valleys (Kennedy 1993a).
Bryophytes are the dominant plant type in the lower latitudes in Antarctica and, although a sharp
decline in diversity of species is observed with increasing latitude, mosses have been observed as far
south as 84° 42’S (Seppelt et al. 1992, Lewis Smith 2000). Lichens, which are significant components
of Antarctic terrestrial vegetation, become increasingly dominant with increasing latitude in
Antarctica, and are present as far south as 86° 29’S (Kappen 2000, Lewis Smith 2000).
1.2.1.1 Antarctic Bryophytes
Where there is available water, bryophytes are the dominant vegetation type in continental
Antarctica, particularly in areas with regular melt water in summer (Green 1985). The Antarctic
environment restricts the growth of bryophytes, even in moist sheltered conditions, with bryophyte
turfs rarely reaching a depth of 10 cm in the Windmill Islands region of East Antarctica (Melick and
Seppelt 1997). The most important factors in determining growth and survival of continental
Antarctic bryophytes are thought to be radiation, water availability and temperature, in addition to
the added stressors of wind speed and snowfall (Dunn and Robinson 2006). Water availability is of
paramount importance and is influenced by many microhabitat factors, particularly differences in
exposure to wind and sun, such as shadow effects, cold air drainage from ice, aspect, seepage,
location, altitude, and longevity of snow cover (Kennedy 1993a). In Chapter 2, I will discuss the
specific bryophyte species found in my study region, the Windmill Islands, East Antarctica.
Bryophytes in continental Antarctica can photosynthesise at air temperatures slightly below zero,
although they are not as well-adapted as lichens for photosynthesis at low temperatures (Green
1985, Melick and Seppelt 1992, 1997). Common Antarctic bryophytes have photosynthetic
optimums at temperatures between 5 and >20°C (Table 1-2). The cushion growth habit of mosses in
Antarctica is likely an important adaptation in order to absorb greater amounts of radiation than a
uniform flat surface, particularly in the high latitudes where the sun has a low angle even in
midsummer (Seppelt and Ashton 1978). Moss cushion surface temperatures can be much higher
than the surrounding ambient temperatures, and also undergo high diurnal fluctuations, by as much
as 50°C (–9.2°C to 42.8°C, Jan 3 1986; Seppelt et al. 1998). Summer temperatures of moss cushions
can be quite high on sunny days, for example at Mawson station, moss temperatures were as high as
17.2°C, with ambient air temperatures of 3.9°C (Seppelt and Ashton 1978). This is similar to the
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15.3°C and 15°C reached in studies at Cape Armitage and Syowa respectively (Seppelt and Ashton
1978), whilst moss turfs at Casey have been observed to have temperatures higher than 20°C above
ambient (Figure 1–4; Bramley-Alves et al. 2014). Optimum photosynthesis temperatures are thus
much higher than might be expected from the diurnal temperature range (Table 1-2) and the time
available for growth of Windmill Islands bryophytes has been estimated to range from 36 to 108
days per year (Melick and Seppelt 1997). Growth rates of Antarctic mosses range from <0.2 mm/yr
in the continental Antarctic Dry Valleys to as much as 32 mm/yr in the maritime Antarctic Signy
Island (Convey et al. 2014).

Table 1-2
Temperature optimum for photosynthesis for a range of Antarctic bryophytes measured
under field and laboratory conditions. Net photosynthesis (NP) was measured as CO2 assimilation. Laboratory
measurements were performed using an O2 electrode system (Rastorfer 1970). Adapted from Bramley-Alves et
al. (2014).
Species
Temperature
Method and location of
Reference
optimum for
measurements (Field or
photosynthesis (°C) laboratory)
Bryum
14 Field laboratory NP
Pannewitz et al. (2005)
subrotundifolium
(syn. Bryum
argenteum var.
muticum)
Bryum
10 – 12 Field laboratory NP
Pannewitz et al. (2005), Ino
pseudotriquetrum
≥20 Lab O2 evolution
(1990), Lewis Smith (1999)
Bryum argenteum
15 Field laboratory NP
Green et al. (2000), Lewis Smith
≥20 Lab O2 evolution
(1999), Rastorfer (1970)
25 Lab O2 evolution
Ceratodon purpureus
7 Field laboratory NP
Pannewitz et al. (2005), Lewis
≥20 Lab O2 evolution
Smith (1999)
Schistidium antarctici
5 – 10 Lab NP
Kappen et al. (1989)
Cephaloziella varians
≥20 Lab O2 evolution
Newsham (2010)
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Figure 1-4
Diurnal moss surface temperatures at two sites in the Windmill Islands, (A) Robinson Ridge
and (B) Antarctic Specially Protected Area (ASPA) 135 (the two main study sites for this thesis). At each site,
temperatures were recorded at the same location over three 24 h periods, under varying weather conditions
during the 2012 summer season. At Robinson Ridge (A), two traces are for predominantly clear days (4–5 Jan,
min/max air T: -4.0/1.7°C and 2–3 Feb, min/max air T: -6.0/1.3°C), and one is for an overcast day (15–16 Jan,
min/max air T: -2.1/1.6°C). At the ASPA (B), again the least variation in moss surface T (range 13.5°C) was
recorded on an overcast day (20–21 Jan, min/max air T: -1.6/2.8°C), while despite different minima and
maxima, moss surface temperatures ranged more widely over 21°C and 29°C, respectively, on two mostly clear
days (30–31 Jan, min/max air T: -10.3/-1.1°C and 6–7 Jan, min/max air T: -6.3/0.7°C). Taken from BramleyAlves et al. (2014).

Diurnal freeze-thaw cycles cause cryoturbation, a process of frost heave of continental Antarctic
bryophyte turfs, resulting in a characteristic ridged appearance (Figure 1–5; Kappen et al. 1989,
Melick and Seppelt 1997). Although moss stems are tightly packed within moss turfs and cushions,
to prevent water loss, the low ambient humidity and strong winds in this environment cause high
rates of surface moisture loss (Melick and Seppelt 1997, Seppelt et al. 1998). The peaks of the ridges
are thus subject to inadequate water supply and high desiccation, leading to lichen colonisation of
the moribund (dead) bryophytes at this most exposed part of the turf (Kappen et al. 1989, Melick
and Seppelt 1997). Lichen establishment over bryophytes provides a barrier restricting bryophyte
development, and lichen leachates have also been found to allelopathically restrict bryophyte
growth (Melick and Seppelt 1997).
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Figure 1-5
A typical example of cryoturbation in a bryophyte community in Antarctic Specially Protected
Area (ASPA) 135, Windmill Islands, East Antarctica. Moss at the tops of the ridges often dries out and may
become moribund and encrusted with lichens. Photograph provided by Sharon Robinson.

Freeze-thaw cycles, common in the Antarctic, cause mechanical disruption to plant tissues, by
inducing phase changes in membrane lipids leading to loss of cell contents, as well as intracellular
and extracellular freezing which lead to damage by ice crystals and dehydration of cell contents
(Kennedy 1993b). In bryophytes, however, intracellular freezing damage is unlikely, as bryophyte
tissues are rarely more than a few cells thick, and extracellular freezing damage is also unlikely due
to the absence of intracellular air spaces and low internal water content of bryophytes (Kennedy
1993b).
The tolerance of Antarctic species to freeze-thaw cycles is also linked to other environmental factors
such as water availability (Robinson et al. 2003). The frequency of freeze-thaw events is thought to
increase in El Niño years when the southern oscillation index is low, thus anthropogenic-induced
climate changes that affect the frequency or intensity of the El Niño southern oscillation may
influence the frequency of Antarctic freeze-thaw events (Lovelock et al. 1995a). Climate warming
could produce earlier snow melt, exposing plants to more frequent damage by freeze-thaw cycles
(Lovelock et al. 1995a, Lovelock et al. 1995b, Robinson et al. 2003). In addition to these cycles,
Antarctic bryophytes are also exposed to fluctuations in solar radiation (including UV).
UV-B radiation flux is strongly associated with day length, cloud cover and the depth of the ozone
column, with ozone depletion increasing the amount of damaging UV-B radiation reaching Antarctic
vegetation (Madronich et al. 1998, Dunn and Robinson 2006). Due to their simple structure,
including lack of a protective cuticle or epidermal layer, bryophytes may be particularly susceptible
to damage by UV-B radiation exposure (Dunn and Robinson 2006, Turnbull and Robinson 2009). UV-
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B radiation can cause damage to biological molecules both directly and indirectly through the
production of reactive oxygen species (Robinson et al. 2003, Robinson and Waterman 2014,
Waterman et al. in review). Snow banks are thought to provide some protection to moss beds from
harmful UV-B radiation during springtime ozone depletion (Dunn and Robinson 2006). The beginning
of the short Antarctic vegetation growing season currently coincides with peak UV-B radiation
exposure due to ozone depletion over the southern hemisphere, exposing plants to the potential of
UV-B damage (Robinson et al. 2005, Dunn and Robinson 2006, Robinson and Waterman 2014). DNA
damage has been observed in three bryophyte species in East Antarctica, even in relatively benign
conditions in the austral summer of 2002/03, with the lowest levels of incident UV-B and highest
water availability experienced within the preceding decade (Turnbull and Robinson 2009). These
same species were, however, protected from DNA damage when desiccated, suggesting that DNA
damage as a result of exposure to UV-B radiation is of most concern when bryophytes have access to
meltwater and are actively photosynthesising (Turnbull et al. 2009).
Most polar plants, including bryophytes, produce UV-absorbing compounds to avoid damage
(Newsham et al. 2002, Newsham and Robinson 2009). Although most are unidentified, flavonoids
are likely candidates (Snell et al. 2009) and are found both intracellularly and bound to cell walls
(Clarke and Robinson 2008, Waterman et al. in review). Carotenoids also act as photoprotective,
antioxidant pigments, reducing photo-oxidation of chlorophyll and thus minimising photodamage
and photoinhibition (Robinson et al. 2003, Robinson and Waterman 2014). Some Antarctic
bryophyte species accumulate higher levels of carotenoids, in order to compensate for their lower
levels of UV-B radiation screening pigments, when exposed to elevated UV-B radiation exposure
(Lovelock and Robinson 2002, Newsham et al. 2002, Robinson et al. 2003).
Although there is little evidence that UV-B radiation induced mutation is impacting on Antarctic
moss species, the populations are apparently isolated, with reduced connectivity between
populations possibly limiting recolonisation in the case of local extinction (Clarke et al. 2008).
Limited genetic variation and isolation could also constrain the ability of these populations to adapt
to environmental change (Clarke et al. 2008, Clarke et al. 2009).
1.2.1.2 Antarctic Lichens
Lichens are the most diverse vegetation type in continental Antarctic ice-free regions, with around
92 taxa, in comparison to the 25 bryophytes and zero vascular plants (see
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Table 1-1). Lichens are able to grow on a diverse range of substrata, from rock and building materials
to moribund bryophyte mounds (Kappen 2000). Lichens are found predominantly on the leeward
side of rocks, as the windward sides are too abraded by wind, ice and soil particles for survival of
vegetation, except in sheltered crevasses (Lewis Smith 1990, Kappen 2000). Some lichens grow on
live or moribund moss, on other lichens, or occasionally on soil (Lewis Smith 1990, Hovenden and
Seppelt 1995). In Chapter 2, I will discuss the specific species of lichens found in the Windmill Islands,
East Antarctica.
Lichens are better adapted to arid conditions than other cryptogams in Antarctica, thus they may be
more able to survive increasing aridity, however they are susceptible to mortality if there is
persistent increased snow cover as a result of climate change (Kappen 2000, Robinson et al. 2003).
Antarctic lichens require the ability to persist for extended periods in a desiccated state, since free
water is scarce in most areas and supply is intermittent even during the summer months (Hovenden
et al. 1994). A range of lichen species studied in Victoria Land by Schlensog et al. (2004) were found
to rapidly recover photosynthetic activity, within less than 10 minutes after wetting following
natural winter desiccation, with full recovery within one hour.
Even when frozen, lichens have been shown to be photosynthetically active, at temperatures below
-10°C. Some lichen species can undergo photosynthesis at subzero temperatures when covered by
snow, utilising water vapour to remain photosynthetically active, thus possibly extending their
potential growth season to up to 6 months, from October to March, although the actual length of
the season will be shorter if the snow cover melts out, leaving no available water for growth (Green
1985, Kappen 1993, Schroeter et al. 1994, Kappen et al. 1995, Melick and Seppelt 1997). Much
greater photosynthetic productivity is possible, however, if lichens are soaked by meltwater at times
of strong insolation (Schroeter et al. 1994, Kappen et al. 1998). Unlike Antarctic mosses which seem
to photosynthesise optimally above 20°C (Table 1-2), Antarctic lichens have been found to approach
their physiological optimum when warmed to 15°C (Kappen et al. 1998).
Lichen growth rates have been found to be variable, with high growth rates in some areas in
Antarctica, for example Umbilicaria antarctica in Signy Island has been found to have an annual
increase of 41%, however very slow growth rates have been found in other areas, such as crustose
lichens in the Dry Valleys with as little as 1 mm radial growth per millennium (Melick and Seppelt
1997, Sancho et al. 2007). Although it is common to see lichens centimetres in diameter on Antarctic
rocks, Green (1985) found that these species actually grow extremely slowly, suggesting that these
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represent a fairly stable environment supporting lichens many centuries old, and possibly the oldest
lichens in the world. These communities may be very sensitive to disturbance.

1.3 Recent Antarctic Climate Change
The high latitudes and altitudes are predicted to be affected first and most severely by climate
change. The biological impact of small temperature increments are greater in the Antarctic than in
less extreme environments, so the vegetation is thought to be quite sensitive to climate warming,
particularly where the balance shifts to positive temperature ranges or local drought (Adamson and
Adamson 1992, Convey 2006, Convey and Smith 2006). The responses of these ecosystems are thus
regarded as an ‘early warning system’ for the impacts of climate change (Aerts et al. 2006).
The Antarctic region is important in climate change research, due to its isolation, extreme climate
and vegetation characteristics (Kennedy 1995, Robinson et al. 2003, Huiskes et al. 2006). However,
climate information in the region is limited. Instrumental data collection began in the late 1950s,
weather stations are sparsely spread across the continent, few stations have long-term records and
there are large gaps in the data in some regions of Antarctica (Turner et al. 2002, Klekociuk and
Wienecke 2016). The data sets also often suffer from a lack of metadata, so it is unclear when
stations moved or new instruments were introduced. In addition, data sets from different stations
have sometimes been combined to create a single time series, thus long term comparisons at these
locations are potentially inaccurate (Turner et al. 2005). Experimental manipulation of temperature
in the field in Antarctica is also quite difficult, due to the extreme climate of the region, thus there is
limited knowledge of how climate change is affecting vegetation in this area, particularly for the
continental region (Robinson et al. 2003).
The key climate-related pressures affecting the Antarctic terrestrial environment have been found to
be: changes in ambient temperatures (particularly in the sub-Antarctic islands), changes in water
availability (specifically in East Antarctica), changes in wind patterns (specifically in East Antarctica)
and erosion (particularly in the sub-Antarctic) (Klekociuk and Wienecke 2016). These factors, in
addition to pollution and introduced species, are impacting on the health of Antarctic terrestrial
environments (Klekociuk and Wienecke 2016).
Anthropogenic atmospheric pollution has caused stratospheric ozone depletion, leading to the
‘ozone hole’ and resultant increased levels of UV-B radiation over Antarctica (Madronich et al. 1998,
Robinson et al. 2005, Clarke 2008, Robinson and Erickson 2015). Since the 1970s, UV-B radiation
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levels during spring have increased by 130% in Antarctica, compared with 22% in the Arctic, and 47% in the rest of the world (Madronich et al. 1998). The mean minimum ozone depth has decreased
from 225.0 Dobson Units (DU) in 1979, to 124.3 DU in 2016 (minimum ozone measured from 21
September to 16 October each year) (NASA Ozone Watch 2016). The size of the ozone hole over this
time has increased from 0.1 million km2 in 1979, to a maximum of 26.6 million km2 in 2006, followed
by a decrease to 20.9 million km2 in 2016 (ozone hole area measured from 07 September to 13
October each year) (NASA Ozone Watch 2016). Full recovery of the ozone hole to 1980’s levels is not
expected until the middle of this century (Bais et al. 2011, WMO 2014).
Ozone depletion over the South Pole has led to changes in the Southern Hemisphere Annular Mode
(SAM), associated with poleward shifts and increased strength of the Southern Hemisphere polar jet
stream during the austral summer (Turner et al. 2014a, Robinson and Erickson 2015, Jones et al.
2016). This has had the effect of further isolating the Antarctic continent from the rest of the globe,
by locking in cold air over the Antarctic land mass, and sheltering it from many of the effects of
greenhouse warming (Convey et al. 2009, Turner et al. 2009, Turner et al. 2014a, Robinson and
Erickson 2015). The poleward shift of the polar jet has, however, led to the Antarctic Peninsula
becoming one of the fasted warming regions on the planet, as milder maritime air is drawn in by the
vortex (Robinson and Erickson 2015). As a result of the SAM and shifts in the polar jet stream, the
majority of Antarctic stations have long-term trends of increasing wind speeds (Turner et al. 2005).
The western and northern parts of the Antarctic Peninsula have been found to have the largest longterm trends of increasing temperatures, as much as +0.54°C decade-1 at Faraday Station, with the
Peninsula experiencing a warming period between 1979 and 1997 of +0.32°C decade-1 and a
subsequent cooling period between 1999 and 2014 of -0.47°C decade-1 (Turner et al. 2005, Turner et
al. 2013, Nicolas and Bromwich 2014, Turner et al. 2014a, Turner et al. 2016). The continent-wide
Antarctic temperature trend is a warming of 0.11°C decade-1, although the number of locations with
sufficient data to determine long-term trends is small and most are confined to coastal areas of the
continent (Nicolas and Bromwich 2014). West Antarctica (excluding the peninsula) has been found
to have warmed by 0.22°C decade-1, with one of the most rapid warming trends found at Byrd
Station, with a 2.2°C decade-1 increase in recent decades (Nicolas and Bromwich 2014, Jones et al.
2016). No significant change has been recorded across East Antarctica as a whole, with no multidecadal trend throughout coastal East Antarctica; however, there is a significant increase in
temperature across the East Antarctic plateau, although restricted to only two observed, and a small

15

number of proxy, climate-monitoring locations (Nicolas and Bromwich 2014, Jones et al. 2016).
Future predictions suggest that Antarctic temperatures may increase 0.8–3.1°C by 2100 (IPCC 2013).
Snowfall trends vary across the Antarctic region, with increases on the western side of the Antarctic
Peninsula linked to decreased Adelie penguin populations, but little evidence of increases in East
Antarctica (Turner et al. 2014a). Antarctic precipitation is difficult to model correctly, due to
problems in parameterising key processes that drive precipitation in this region, leading to
underestimates of continental Antarctic precipitation (Turner et al. 2014a). Projected annual
precipitation changes are highly variable, with predictions of –2% to 35% increased precipitation,
with larger increases in winter than in summer (Christensen et al. 2007). It is expected that the
Antarctic coastal region will have the highest increases in precipitation and accumulation due to
southward movement of mid-latitude storms (Turner et al. 2014a). An 81% annual increase in
seasons with extremely high precipitation in Antarctica is predicted by 2099 (Christensen et al.
2007).

1.3.1 Biological impacts of a changing climate
Climate change is already affecting the distribution of organisms throughout Antarctica. Numerous
species have already extended their range poleward and upward, with invading species extending
their ranges faster than resident species are receding (Aerts et al. 2006, Le Roux and McGeoch
2008). For example, Adelie penguins are vacating rookeries in the Antarctic which they have
occupied for more than 600 years, to be replaced by chinstrap penguins which were not present in
the region 50 years ago (Vaughan et al. 2003). Motile organisms can change their ranges quite
rapidly in response to changes in environmental conditions. Sessile organisms, however, cannot
respond in this way, and must therefore adapt to the changed conditions or colonise new areas
through propagule dispersal if they are to survive (Aerts et al. 2006). Resident species at the furthest
extent of their range are already at the physiological and geographical limits of their distribution and
are thus the populations at the highest risk.
In the high latitudes, above 66°33’, within the Antarctic Circle, continuous sunlight is received
throughout midsummer, and constant darkness throughout midwinter (Longton 1988, Robinson et
al. 2003). Vegetation in these areas must thus be able to survive prolonged radiation during
midsummer. Historically, Antarctic endemic vegetation has been exposed to low UV-B radiation
levels, and thus may be particularly susceptible to damage from current and future increased levels
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of UV-B radiation (Robinson et al. 2005). Ambient UV-B radiation increases, since the onset of ozone
depletion, have been found to negatively affect growth of the two Antarctic vascular species (Day et
al. 1999) and some moss species (Newsham et al. 2002, Robinson et al. 2005, Newsham and
Robinson 2009).
When plant growth is limited by low temperatures, warming should benefit growth, however the
interaction of warmer temperatures and enhanced UV-B radiation levels is as yet not well
understood (Caldwell et al. 2003). Some studies have found that increasing temperatures cause
increases in plant productivity, whilst many others have found that increased temperatures cause
decreased productivity in Antarctica (Robinson et al. 2003). However, it is likely that Antarctic
terrestrial ecosystems will be more affected by indirect effects of climate change, such as water and
nutrient availability, than by temperature alone (Wasley 2004, Hennion et al. 2006). Temperature
increases may cause increased melt, and thus greater moisture availability, which would alter
biodiversity (Brabyn et al. 2006). The predicted increased precipitation across the Antarctic, and
particularly in the coastal regions, could lead to higher water availability for Antarctic terrestrial
ecosystems (Turner et al. 2014a). Conversely, increased temperatures may cause decreased
moisture availability, as increased snow melt may occur earlier in the season when vegetation
cannot utilise it, or depletion of snow banks may occur, leading to local drought (Adamson and
Adamson 1992, Convey 2006, Turner et al. 2014a). Local topography is likely to affect short-term
responses of Antarctic vegetation to climate change, as it influences whether changes in snow
accumulation and summer melt will increase or decrease water availability for vegetation (Clarke
2008). A current major challenge for research is predicting how organisms are likely to respond to
climate change, and determining which species will be the most vulnerable to these impacts
(Klekociuk and Wienecke 2016).

1.4 Antarctic Protection
Antarctica has a unique natural environment, known for its wilderness and aesthetic values, as well
as the unique scientific opportunities it presents throughout the physical and natural sciences,
meteorology and climatology, and even astronomy and astrophysics. In order to protect this unique
natural laboratory, The Antarctic Treaty was signed in 1959 by 12 nations who participated in the
international Antarctic cooperative research program, the International Geophysical Year (IGY,
1957–1958). The Antarctic Treaty (1959) was designed to protect the Antarctic region, stating that
Antarctica be used exclusively for peaceful purposes, that scientific cooperation should continue,
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that scientific results should be exchanged and made freely available, and that measures should be
taken to conserve Antarctic living resources.
Antarctic wildlife was further protected under the Agreed Measures for the Conservation of Antarctic
Fauna and Flora (1964), which prevented harmful interference with Antarctic wildlife, banned the
introduction of non-indigenous species, and made provisions for the creation of Specially Protected
Areas (SPAs), where unique ecosystems could be preserved (Bonner 1994). Scientific research was
facilitated by a Recommendation at the 1975 Antarctic Treaty Consultative Meeting (ATCM), which
introduced the designation of Sites of Special Scientific Interest (SSSIs) to protect sites with
significant scientific value, whether or not that value was related to biological or physical features
(Bonner 1994).
The Protocol on Environmental Protection to the Antarctic Treaty (1991) offered further protection
of the Antarctic environment, consolidating a number of earlier ad hoc conservation measures, and
designated Antarctica as a “natural reserve, devoted to peace and science” (Bonner 1994, CEP 2016).
The Antarctic Specially Protected Areas (ASPAs) were created under the Protocol, in order to
“protect outstanding environmental, scientific, historic, aesthetic, or wilderness values”, and
management plans are required for each area, in addition to entry permits and Environmental
Impact Assessments for any activities carried out within the 73 current ASPAs (Bonner 1994, Harris
and Woehler 2004, Terauds 2016, Terauds and Lee 2016).
Adherence to these and other Antarctic protection measures is vital to protect this region from
human-induced environmental degradation, and to ensure that this unique natural laboratory is
available for scientific research long into the future.

1.4.1 Antarctic Monitoring
Direct human impacts in the Antarctic are much smaller than elsewhere in the world, as the region is
virtually uninhabited (Chown and Convey 2007). The Antarctic Peninsula was first sighted in 1820,
and the first landing in East Antarctica was in 1895 (Chown and Convey 2007). Direct human
influences are still limited, but both these and indirect human influences are increasing (Frenot et al.
2005, Chown and Convey 2007). In order to determine the responses of unique Antarctic
environments to these increasing human impacts, monitoring is vital to protect and conserve these
ecosystems.
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Antarctic terrestrial ecosystems are and can be important models for studying community structure
and dynamics, allowing understanding of ecological processes to be transferred to more complex
ecosystems. Antarctic communities have a relatively simple trophic structure and fewer interactions
than elsewhere in the world (Block 1994, Wasley 2004, Convey 2005). Invasive species are less
common in the Antarctic than elsewhere, with a total of 560 alien species across the broader
Antarctic region, most of which are found in the sub-Antarctic Islands and the Southern Cold
Temperate Islands (i.e. Tristan da Cunha, Falklands and New Zealand Shelf Islands), few species in
the maritime Antarctic and only 10 species in the continental Antarctic (Frenot et al. 2005, McGeoch
et al. 2015).
While motile organisms may be able to move across landscapes at relatively rapid rates in response
to the impacts of climate change (eg. Adelie penguin distributions shifting poleward; Parmesan
2006), with terrestrial taxa moving poleward at a global average speed of 17 km per decade (Pecl et
al. 2017), this process is much slower for vegetation, with median speeds of ~1 km per decade (IPCC
2014a). It is also important to note that vegetation community responses to climate change are not
responses to global average changes, rather they are responses to changes in regional and local
climates, which are highly variable worldwide (Aerts et al. 2006). The simple vegetation community
structure, the geographic isolation of the continent, and the fact that Antarctic vegetation has been
predominantly unaffected by direct human influences or invasive species and is expected to be more
sensitive to environmental changes than communities in less severe conditions, make Antarctica a
particularly good baseline environment for climate change research (Wasley 2004, Brabyn et al.
2006).
Antarctic ecological research prior to 1965 was restricted to qualitative and taxonomic studies, with
research subsequent to the 1970s having a more quantitative focus (Lewis Smith 1984, Robinson et
al. 2003). Many reviews have been published detailing and describing vegetation patterns, life
history attributes and ecosystem processes, but there are far fewer articles related to climate
change effects on vegetation. A lack of research into the impact of climate change on ecosystem
biodiversity has been identified, particularly for continental Antarctica (Adamson and Adamson
1992, Kennedy 1995, Convey 2001, Robinson et al. 2003, Hennion et al. 2006, Anisimov et al. 2007,
Chown and Convey 2007). Research regarding Antarctic flora has predominantly focussed on a small
number of ice-free coastal areas of the continent, which support relatively high floral diversity,
including the Windmill Islands region, Wilkes Land, Ross Island, Victoria Land and Signy Island
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(Robinson et al. 2003). This means that little is known about much of the Antarctic continent, and
more research into the impacts of climate change is necessary.
Long-term studies are required in order to determine the effects of climate change on these
communities already at the furthest extents of their ranges and unable to move elsewhere. In order
for long-term studies to be useful, it is important to establish whether changes in these extremely
slow-growing communities are detectable within years or decades, as opposed to centuries. In a
study of changes in Antarctic vegetation cover between two surveys completed 42 years apart,
Brabyn et al. (2006) found that a substantial general expansion of vegetation had occurred,
particularly mosses and algae, as a result of increased water availability in the study area. It was thus
concluded that changes in vegetation cover in Antarctica are occurring at a rate fast enough for their
use in monitoring changes over time, particularly for local and global climate change (Brabyn et al.
2006). However, there is still a lack of long-term Antarctic vegetation monitoring programs, with no
repeat long-term monitoring studies ever published for the Antarctic continent.

1.4.1.1 Difficulties Associated with Monitoring in Antarctica
Long-term vegetation studies are made more difficult in Antarctica, due to the climatic extremes and
isolation; however, they are vital in establishing trends in community health, species distribution and
vegetation abundance, particularly due to the slow growth rates of Antarctic flora (Robinson et al.
2003, Frenot et al. 2005, Johansson and Thor 2008, Clarke et al. 2012).
Field work in Antarctica must be kept to a minimum, for a number of reasons. It is quite costly to
send researchers to Antarctica, and field work can be dangerous. Weather conditions can change
quickly, and the window of opportunity for studying vegetation can be quite short, as the vegetation
needs to be free from ice and snow cover. Reducing the number of, and time spent by, researchers
in the field also assists in protecting these scientifically important vegetation communities by
preventing the introduction of new species and/or pathogens and preventing physical damage to the
vegetation.
Antarctic vegetation communities are also protected by The Antarctic Treaty (1959) principle of
minimisation of destructive sampling, requiring adaptation of sampling methods used for long-term
monitoring (Bonner 1994, Kennedy 1995), due to the slow growth and regeneration capacity of
Antarctic vegetation (Selkirk and Skotnicki 2007, Clarke 2008).
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Monitoring methods must therefore be adapted to overcome these difficulties, whilst providing
adequate information for assessments of changes in vegetation health, distribution and species
composition. These assessments can then be used to inform Antarctic policy and management
practices, in order to protect and conserve Antarctic ecosystems.

1.5 Thesis rationale and chapter summaries
This thesis aims to establish a methodology for minimally destructive long-term monitoring of
Antarctic vegetation communities using digital photography; and to use this methodology, in
association with species composition assessments, to evaluate change over a decade of monitoring
in the Windmill Islands, East Antarctica.
I address these general aims by:
1. Designing a methodology to assess digital photographs of Antarctic vegetation by using
object-based image analysis techniques for semi-automated classification (Chapter 3).
2. Establishing the baseline vegetation cover, health and species composition at two long-term
monitoring sites in the Windmill Islands, East Antarctica (Chapter 4).
3. Assessing change throughout a decade of monitoring of vegetation cover, health and species
composition in the Windmill Islands (Chapter 5).
4. Evaluating observed changes in Windmill Islands bryophyte communities, in response to
changes in Antarctic climatic conditions (Chapter 6).
5. Providing summaries of the observed changes and their implications for Antarctic vegetation
management in the Windmill Islands (Chapter 7).
6. Recommending methodologies for future Antarctic vegetation monitoring (Chapter 7).
This thesis expands upon work previously completed for a Doctor of Philosophy thesis by J. Wasley
(2004) as well as Honours theses by E. Ryan-Colton (2007), myself (King 2009), and T. Benny (2013).
During my PhD, I have also contributed to a number of other published papers (Lucieer et al. 2014,
see Appendix 9.7.1, Ashcroft et al. 2017, see Appendix 9.7.2, Malenovský et al. 2017, see Appendix
9.7.3). These papers are referred to in the relevant chapters of this thesis.
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1.5.1 Chapter summaries
Chapter 2 of this thesis describes the general characteristics of the Windmill Islands sites and species
studied, and outlines the establishment of permanent transect and quadrat locations for Antarctic
vegetation monitoring. The climatic conditions within the sites, and the responses of the study
species to these conditions, are also outlined here. This chapter also references work published
separately relating to site hydrology (Lucieer et al. 2014, see Appendix 9.7.1).
The four data chapters (3 to 6) have been written as manuscripts.
Chapter 3 is currently in preparation for submission as a standard article for the journal of Methods
in Ecology and Evolution. This chapter outlines the novel method that I have developed for assessing
vegetation health using object-based image analysis of digital photographs. This includes
assessments of the thematic accuracy of the classification, as well as the accuracy of the vegetation
cover in comparison with expert observers.
Chapter 4 is currently in preparation for submission as a research paper to the journal of Antarctic
Science. This chapter establishes the initial baseline vegetation cover, health and species
composition of the study sites, and assesses differences between the three vegetation community
types.
Chapter 5 is currently in preparation for submission as a standard paper for the Journal of Applied
Ecology. This chapter assesses the change in vegetation cover, health and species composition
throughout a decade of monitoring (2003 – 2013). Changes are evaluated by individual vegetation
community type at each of the two Windmill Islands study sites. This is the first study to complete a
repeat long-term monitoring assessment of East Antarctic vegetation change.
Chapter 6 is currently a letter in review with the journal of Nature Climate Change. This chapter
discusses change in vegetation health and species abundance in the wettest, bryophyte-dominated
vegetation community over a 13 year period (2000 – 2013), and explores the associated changes in
environmental drivers in the Windmill Islands, East Antarctica.
Chapter 7 provides a synthesis of the previous chapters, with specific recommendations for
management. This includes reporting results for State of the Environment assessment, addressing
key questions from the SCAR (Scientific Committee on Antarctic Research) Antarctic and Southern
Ocean Science Horizon Scan, and recommendations for future Antarctic vegetation monitoring
methodologies.
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2 Study area and species
Some of the best-developed, most extensive bryophyte vegetation communities on the Antarctic
continent (excluding the Antarctic Peninsula) can be found in the Windmill Islands, East Antarctica
(Lewis Smith 1986). Bryophyte stands of 25–50 m2 can be found on the northern peninsulas, leading
to the designation of Antarctic Specially Protected Areas (ASPAs) 135 and 136 on the Bailey and
Clark Peninsulas, respectively (ATCM XXXVI 2013, ATCM XXXVII 2014). One long-term monitoring
study site was established within ASPA 135, and another non-protected long-term monitoring study
site, was established approximately 10 km south, at Robinson Ridge. Similar vegetation communities
occur along a water gradient at each site, although water availability varies between sites due to
differences in site topography.

2.1 Study area
Vegetation surveys were conducted at two sites in the Windmill Islands, East Antarctica: Antarctic
Specially Protected Area (ASPA) 135, and Robinson Ridge (Figure 2-1). These sites are the same as
those used for the pilot survey in 2000 (Wasley et al. 2012) and other previous vegetation studies by
our group and others (Melick and Seppelt 1997, Robinson et al. 2000, Dunn and Robinson 2006,
Clarke et al. 2012, Bramley-Alves et al. 2015). The Windmill Islands region, particularly Bailey and
Clark peninsulas, support some of the best developed, most extensive plant communities in
continental Antarctica, exceeded only by those on the Antarctic Peninsula (Lewis Smith 1986, McRae
and Seppelt 1999).
Antarctic Specially Protected Area 135 (ASPA 135; 66°17.03’S, 110°32.65’E) sits atop a snow slope,
approximately 1 km east of Casey station, above Thala valley on Bailey Peninsula (Figure 2-1). This
area has been the subject of taxonomic, ecological and physiological research since 1982. The
extensive dense stands of relatively diverse cryptogamic flora, with moss turfs of 25–50 m2 and up to
30 cm depth, covering an area of approximately 0.5 km2, led to the designation of this area as a Site
of Special Scientific Interest (SSSI 16) in 1985 (Lewis Smith 1986, ATCM XXXVI 2013). This site was
always recognised as a more impacted site compared with nearby SSSI 17, due to the presence of
various structures related to operations of nearby Casey station, including the station’s antennae
farm, built within SSSI 16. Both SSSIs were subsequently redesignated as Antarctic Specially
Protected Areas (SSSI 16 as ASPA 135 and SSSI 17 as ASPA 136) in 2002 (Lewis Smith 1986, ATCM
XXXVI 2013). Antarctic Specially Protected Areas are sites that have restricted access in order “to
protect outstanding environmental, scientific, historic, aesthetic or wilderness values, any
combination of those values, or ongoing or planned scientific research” (Article 3, Annex V, The
Protocol on Environmental Protection to the Antarctic Treaty, 1991). The long-term monitoring
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study site (66°16.92’S, 110°32.36’E) is located near the northern boundary of ASPA 135, within a
low-lying basin (Figure 2-2). Melt water availability is quite reliable throughout the season, forming a
large, shallow ephemeral pool in the centre of the basin.

x

x

Figure 2-1
Map of the Windmill Islands, East Antarctica. Inset shows the location of Casey station within
the Antarctic continent. Antarctic Specially Protected Area (ASPA) 135 is indicated by a green cross, and
Robinson Ridge (RR) is indicated by an orange cross. Map provided by the Australian Antarctic Division.
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Robinson Ridge (RR; 66°22.09’S, 110°35.19’E) is located on a separate peninsula, approximately
10 km south of Casey station (Figure 2-1). The study site is a gentle northerly slope, with ephemeral
melt water streams running down the slope. This melt water originates from the snow bank to the
east of the moss beds, with water availability more variable than at ASPA 135, as the snow bank
retreats through the season.

X

Figure 2-2
Map of Antarctic Specially Protected Area (ASPA) 135, Windmill Islands, East Antarctica.
Specific study site location indicated by a green cross. Map provided by the Australian Antarctic Division.

2.2 Establishment of transects and permanent quadrats
Following a pilot study in 2000 (Wasley 2004, Wasley et al. 2012), a long-term monitoring system
was established in Jan–Feb 2003 (Ryan-Colton 2007, King 2009, SoE Committee 2011). Ten transects
were established at each of the two sites, with transects following a community gradient along an
accompanying moisture gradient. Each transect included three quadrats (25 x 25 cm), which were
placed in each of three community types (total of 30 quadrats per site). Of the three communities,
the wettest was dominated by bryophytes (Bryophyte community, > 90% bryophyte cover); the
driest was dominated by lichens overgrowing dead moss (Lichen community, scarce bryophytes,
> 90% lichens); and the community in between was comprised of both types of vegetation
(Transitional community, ~ 50% bryophyte cover).
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Transects at ASPA 135 radiate from an ephemeral pool of meltwater which is reliably present
throughout most of the short summer melt season, thus ensuring fairly consistent high water
availability at the centre of the basin, which supports the Bryophyte community. Minimal water
availability occurs higher up the slopes, where the Lichen community occurs. The Transitional
community is situated intermediate between the two. Transects were established at ten random
compass directions, radiating outward from a large rock in the centre of the basin (Figure 2-3). The
distance of the three quadrats from the centre point along each transect, was determined by the
vegetation criteria for each community, as described above. Due to variations in slope and
topography that affected the spatial dynamics of the community gradients, the transect lengths
varied from 20 to 74 m (Figure 2-3).
Robinson Ridge transects are located near melt water streams running from a snow bank at the top
of the ridge, which gradually retreats throughout the melt season. The Bryophyte community is
located at the base of the slope (closest to the snow line), where meltwater is available for most of
the season; the Lichen community receives minimal meltwater higher up on the slope; with the
Transitional community in between, located on streams that are more ephemeral. Transects were
established running from top to bottom along the slope, and spaced at random distances apart,
parallel across the slope (Figure 2-4). The ten transects all extended between 60 and 70 m in length,
encompassing the entire community gradient along the slope. Three quadrats were placed along
each transect, as at ASPA 135 above (Figure 2-4).
Quadrat placement along transects was determined by the distribution of rocks within each site, as
access to the vegetation communities can only be gained by walking on bare rock surfaces. The
quadrats were restricted to locations that had large rocks in high enough densities to walk on and
low enough densities to allow placement of the 25 cm x 25 cm quadrats between rocks (as shown in
insets in Figure 2-3 and Figure 2-4). Bryophytes and lichens are such small species that small
quadrats (25 x 25 cm) are sufficient for monitoring continental Antarctic communities, however,
even small quadrats cannot be permanently affixed to the vegetation, as they would cause too much
disturbance in these fragile ecosystems. The locations of the quadrats were thus indicated by metal
labels, affixed to the nearest large rock in 2003, with location photographs taken to facilitate the
relocation of the quadrats in subsequent years (eg. insets in Figure 2-3 and Figure 2-4). Maps of the
quadrat locations were produced subsequent to 2008, when accurate GPS location data was
acquired. Each quadrat has been used for monitoring vegetation distribution, health and community
composition at 5 year intervals beginning in 2003.
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Figure 2-3
Map of transect and quadrat locations at ASPA 135 in the Windmill Islands, East Antarctica. Squares indicate quadrats of the three community types:
Bryophyte (green), Transitional (purple), and Lichen (orange). Insets show site photos of a) a typical transect and b) a typical quadrat location, provided by Jane Wasley.
Aerial orthophotos provided by Arko Lucieer. Contours provided by the Australian Antarctic Division.
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Figure 2-4
Map of transect and quadrat locations at Robinson Ridge in the Windmill Islands, East
Antarctica. Squares indicate quadrats of the three community types: Bryophyte (green), Transitional (purple),
and Lichen (orange). Insets show site photos of a) a typical transect and b) a typical quadrat location, provided
by Jane Wasley. Aerial orthophoto provided by Arko Lucieer. Contours provided by the Australian Antarctic
Division.
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2.3 Study communities and species
Although the topography and water profiles of the sites differ, the plant communities present at these
sites are similar. The vegetation on Bailey Peninsula is comprised of 4 bryophyte species, 22 lichen
species and an unknown diversity of algae (Melick et al. 1994). Robinson Ridge vegetation is similar,
with just one fewer species of lichen (Melick et al. 1994).
In the Windmill Islands, four characteristic vegetation communities were identified by Melick and
Seppelt (1997): pure bryophyte communities, transitional bryophyte communities, nutrient-enriched
lichen communities and established macrolichen communities. Most of these communities occur at
both ASPA 135 and Robinson Ridge, with the exception of the nutrient-enriched lichen communities
which tend to only occur near present day penguin colonies (Melick and Seppelt 1997). Interestingly,
several common and widely distributed Antarctic vegetation species are either absent or extremely
rare in the Windmill Islands, including Bryum argenteum, Grimmia lawiana (now known as Coscinodon
lawianus), Sarconeurum glaciale (now known as Syntrichia sarconeurum), Acarospora chlorophana, A.
gwynni and Rhizocarpon spp. (species as reported in Lewis Smith 1988, authorities were not specified).
Pure bryophyte communities are dominated by healthy moss turfs, comprised of Schistidium antarctici
Card. (syn. Grimmia antarctici Card.), Ceratodon purpureus (Hedw.) Brid. and/or Bryum
pseudotriquetrum (Hedw.) Gaertn., Meyer et Scherb. (Group 1 in Melick and Seppelt 1997), and are
henceforth referred to as ‘Bryophyte’ communities (Table 2-1). The transitional bryophyte
communities described by Melick and Seppelt (1997) are characterised by significant bryophyte
presence, whether healthy or moribund, and associated with the presence of various lichen species.
For this long-term monitoring study, the communities referred to as ‘Transitional’ and ‘Lichen’ both
fall within different groups in Melick and Seppelt’s transitional category (Table 2-1). The long-term
monitoring ‘Transitional’ community is a crustose lichen dominated community, characterised by the
lichens Rinodina olivaceobrunnea Dodge & Baker, Usnea antarctica Du Rietz, Buellia grimmiae Filson
and the liverwort Cephaloziella varians (Tayl.) Steph. (syn. Cephaloziella exiliflora (Tayl.) Steph.) in
addition to moss turfs comprised of the same three bryophyte species as the Bryophyte communities
(Group 2.1 in Melick and Seppelt 1997). The ‘Lichen’ community in this study is a foliose lichen
dominated community, characterised by Usnea spp., Candelariella flava (Dodge & Baker) Castello &
Nimis and Pseudephebe minuscula (Nyl. ex Arnold) Brodo & Hawksw., overgrowing moribund
bryophytes, with some small patches of the three bryophyte species from the Bryophyte communities
growing in sheltered niches (Group 2.4 in Melick and Seppelt 1997).
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The main species of interest in this long-term monitoring study are the three mosses: Antarctic
endemic Schistidium antarctici, and cosmopolitan Ceratodon purpureus and Bryum pseudotriquetrum.
The community gradient, which the transects spanned, extended for the full range of their distribution
(from dominance in the Bryophyte community to scarce occurrence in the Lichen community).
Lichens, which also occurred within this system, were identified to functional groups only: crustose,
fruticose or foliose. This was due to identification of lichens to species level being very difficult and
this difficulty was exacerbated in the context of this study, as samples collected for identification were
very restricted in size; in order to minimise impacts to the site and study system. In addition, lichen
growth rates are an order of magnitude slower than that of mosses (Melick and Seppelt 1997), as a
consequence community change is more likely to be detected in the bryoflora component of the
vegetation, hence the focus in this work was bryophytes.
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Table 2-1
Description of the three vegetation communities surveyed in this study (Bryophyte,
Transitional and Lichen) and comparison with information published in Melick and Seppelt (1997), for study sites
in the Windmill Islands, East Antarctica.
Equivalent
Vegetation
Microhabitat
Vegetation
Species Composition
Community from
(Melick and
Community
(adapted from Melick and Seppelt 1997)
Melick and
Seppelt 1997)
Seppelt (1997)
Bryophytes:
Schistidium antarctici
Moist,
Pure bryophyte
Ceratodon purpureus
Bryophyte
sheltered
Group 1
Bryum pseudotriquetrum
habitats
Lichens:
Lichen growth restricted to rock habitats
Bryophytes:
Schistidium antarctici
Ceratodon purpureus
Bryum pseudotriquetrum
Mixed bryophyte/
Cephaloziella varians in sheltered niches
More exposed,
Transitional crustose lichens
Lichens:
drier habitats
Group 2.1
Usnea antarctica < 5% cover
than Group 1
Crustose lichens encrust drier exposed edges of moss
communities:
Rinodina olivaceobrunnea >10% cover
Buellia grimmiae
Bryophytes:
Bryophyte species generally very moribund:
Schistidium antarctici
Ceratodon purpureus
Bryum pseudotriquetrum
Cephaloziella varians
Lichens:
Moribund moss overgrown by lichens:
Drier, more
Mixed bryophyte/
Usnea antarctica
eroded
Lichen
foliose lichens
Candelariella flava
habitats, with
Group 2.4
Lichens prominent on eroded sites and rocky terrain:
more rocks
Usnea sphacelata R. Br.
than Group 2.1
Umbilicaria decussata (Vill.) Zahlbr.
Pseudephebe minuscula
Various crustose lichens common on exposed rock,
including:
Rhizoplaca melanophthalma (Ram.) Leuck. & Poelt
Buellia frigida Darb.
Buellia soredians Filson
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2.4 Windmill Islands Climate
The Windmill Islands climate is classed as frigid Antarctic (sensu Longton 1988). Meteorological data
has been recorded by the Australian Bureau of Meteorology (BOM) at the current Australian Casey
station since 1989, with former stations Casey (the Tunnel) operational between 1969 and 1989, and
the nearby American Wilkes station operational between 1959 and 1969.
Casey has some of the mildest temperatures of any location on the continent, with only Antarctic
Peninsula locations, such as Rothera, having higher mean monthly temperatures (Figure 2-5 and
Figure 2-6). The differing climates in different Antarctic regions are reflected in the abundance and
diversity of vegetation within each region. The mildest temperatures (and hence the most available
water) are found on the Antarctic Peninsula, which supports the most diverse range of vegetation,
including the only two native vascular plant species on the continent (Ochyra et al. 2008). The
McMurdo Dry Valleys (Figure 2-5 and Figure 2-6) are some of the coolest and driest vegetated areas of
the continent, supporting sparse, often hypolithic, communities of vegetation at lower abundances
than other polar ecosystems (Cowan et al. 2010, Ball and Virginia 2014). Of the two coastal East
Antarctic stations presented here, Casey and Mawson (Figure 2-5 and Figure 2-6), Casey has milder
mean monthly temperatures, more water availability, and more abundant and lush vegetation (S.
Robinson pers. comm.).
Mean monthly air temperatures at Casey station (1989-2017) range from -18.8°C in July, to 2.3 C in
January (Figure 2-7). The lowest recorded temperature for this station was -37.5 C in August 2005, and
the highest was 9.2 C in January 1991 (BOM 2017). The monthly mean sunshine hours at Casey station
ranges from 0.1 hours per day in June to 6.8 hours per day in November (Figure 2-8).
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Figure 2-5
Comparison of long-term mean monthly temperature trends (1957-1999) for Antarctic stations
from different Antarctic regions: Casey (Coastal East Antarctica), Mawson (Coastal East Antarctica), McMurdo
(East Antarctica), and Rothera (Antarctic Peninsula). Data from Jones and Reid (2001). See Figure 2-6 for map of
station locations.

Figure 2-6
Map showing locations of Antarctic stations. Colours correspond to the stations used in Figure
2-5. Adapted from Jones and Reid (2001).
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Figure 2-7
Monthly mean temperatures (1989-2017) at Casey station, Windmill Islands, East Antarctica.
Mean maximum temperatures are shown in red, and minimums in blue. Data sourced from the Australian
Bureau of Meteorology (BOM) (2017).
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Figure 2-8
Monthly mean daily sunshine hours (1989-2016) at Casey station, Windmill Islands, East
Antarctica. Data sourced from the Australian Bureau of Meteorology (BOM) (2017).

Monthly mean wind speed (calculated from daily wind run) at Casey station (1989-2017) ranges from
19.6 km/h in January to 29.8 km/h in July, August and September (Figure 2-9). The lowest recorded
maximum wind gust for this station was 163 km/h in January 2002, and the highest was 241 km/h in
July 1989, March 1992, and September 2003 (Figure 2-10).
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Figure 2-9
Monthly mean wind speed (1989-2017) at Casey station, Windmill Islands, East Antarctica.
Wind speed calculated from monthly means of mean daily wind run (km). Data sourced from the Australian
Bureau of Meteorology (BOM) (2017).
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Figure 2-10
Monthly maximum wind gust speed (1989-2017) at Casey station, Windmill Islands, East
Antarctica. Data sourced from the Australian Bureau of Meteorology (BOM) (2017).

Mean monthly precipitation at Casey station (1989-2017) ranges from 9.8 mm in January to 28.1 mm
in July (Figure 2-11). The lowest recorded precipitation for this station was 0 mm in November 2011,
and the highest was 5.8 mm in June 1999 (BOM 2017). However, please note that it can be difficult to
measure precipitation in Antarctica, as most precipitation falls as snow and the majority of snow
providing meltwater for vegetation is accumulated as wind-blown snow drifts, rather than direct
precipitation (Lucieer et al. 2014, see Appendix 9.7.1).
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Figure 2-11
Monthly mean precipitation (1989-2017) at Casey station, Windmill Islands, East Antarctica.
Data sourced from the Australian Bureau of Meteorology (BOM) (2017).

2.4.1 Measurements of water availability
Measuring water availability can be difficult in Antarctica, as the source of biologically available water
is usually snowmelt, either from fresh snow falls or snow drift accumulated in blizzards, which are not
well recorded in station weather records (Wasley et al. 2006a, Lucieer et al. 2014, see Appendix 9.7.1).
Soil moisture probes, monitoring hourly soil moisture at a range of depths, have successfully been
used for short-term studies in the maritime Antarctic (Bokhorst et al. 2008, Michel et al. 2012) as well
as long-term at sites in the continental Antarctic McMurdo Dry Valleys region since 1999 (Seybold et
al. 2009). Although successful in these regions, it would be difficult to use these kinds of instruments
for monitoring water availability in the Windmill Islands vegetation monitoring sites, as the probes
need to be inserted into the soil, which would be too destructive to the vegetation at these sites,
especially at Antarctic Specially Protected Area 135. Thus other, minimally destructive, methods of
measuring water availability had to be employed.
Turf water content (TWC) is a commonly used method to determine the amount of water available to
an Antarctic moss turf (Fowbert 1996, Robinson et al. 2000, Wasley et al. 2006b). This is, however, a
destructive method of analysis, requiring relatively large samples of moss to be removed from the
field. Antarctic vegetation has slow growth and regeneration capacity (Selkirk and Skotnicki 2007,
Clarke et al. 2012, Waterman 2015) and the Antarctic Treaty System includes a principle of minimal
destructive sampling (Bonner 1994, Kennedy 1995). As the monitoring system includes 60 quadrats
spanning two sites in the Windmill Islands, sampled at least once every 5 years, TWC was deemed too
destructive for long-term monitoring of water availability. Thus, in order to determine the differences
in water availability between the three communities at the study sites, a spot measurement of
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community water content (CWC) was developed, using water absorbed by sponges placed within moss
turf as a proxy for moss turf (Ryan-Colton 2007, King 2009, Benny 2013, Bramley-Alves 2014, Lucieer
et al. 2014, see Appendix 9.7.1). Sponge cores (cylinders of household/kitchen sponge, approximately
1 cm in diameter and 1.2 cm deep, ~1 cm3) were found to be the easiest media to deploy in the field
and correlated well with TWC across a wide moisture range (R2 > 0.7, see Appendix 9.1.1). Trials using
other materials (felt, filter papers or pompoms) were found to be more difficult to implement, less
robust and/or less accurate than the use of sponges (see Appendix 9.1.2).
It should be noted that as a spot measurement, CWC is only useful as a measure of relative water
availability between communities, at a specific point in a particular season. Difficulties in accessing the
sites mean that CWC cannot be measured frequently to determine changes in water availability
throughout a season, and differences in snow melt between years can make it difficult to draw direct
comparisons of water availability changes over time. For these reasons, only the 2003 baseline CWC
will be presented here, in order to establish general community differences in water availability (see
Appendix 9.2 for CWC measurements each field season).
In late January 2003, sponge cores were inserted into moss turf at each quadrat location at each site,
and left for 24–48 hours to equilibrate with the surrounding turf. Upon retrieval, sponges were
immediately placed in airtight tubes and returned to the laboratory within one hour. Fresh weight was
determined immediately upon return to the laboratory, then reweighed after desiccation to a
constant dry weight. Community water content was calculated (in gH2O gdwt-1) as per Equation 2-1
(Ryan-Colton 2007, King 2009, Benny 2013).
Equation 2-1

𝐶𝑊𝐶 =

𝑠𝑝𝑜𝑛𝑔𝑒 𝑓𝑟𝑒𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡−𝑠𝑝𝑜𝑛𝑔𝑒 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
𝑠𝑝𝑜𝑛𝑔𝑒 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

A gradient of community water content was found at each site, corresponding with the gradient in
vegetation: bryophyte-dominated communities in the wettest areas to lichen-dominated communities
in the driest areas, with transitional communities in between (Figure 2-12). Community water content
between communities decreased significantly from Bryophyte, to Transitional, to Lichen communities
(F2,54 = 93.3, p < 0.0001, Figure 2-12), moving upslope along the transects, regardless of site. These
trends in water availability are typical of these sites, and indicative of relative water availability across
the sites, although the actual values will change seasonally and across years, depending on the degree
of snowmelt present at any particular moment in time and the flow into various melt streams (RyanColton 2007, King 2009, Benny 2013). Of the two sites, Robinson Ridge is likely to have more variable

37

water availability, as the source of snowmelt is the snow bank at the top of the ridge, which retreats
throughout the season, causing some streams to flow only at the beginning of a growth season, while
others continue to flow throughout the season.

Mean CWC (gH2O gdwt-1)
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Figure 2-12
Baseline (late January 2003) community water content (CWC) per community type, in
monitoring quadrats at two sites in the Windmill Islands, East Antarctica (ASPA 135 and Robinson Ridge). Data
are means ± S.E., n=10. Letters denote significant differences between communities.

As the measurement of community water content is only a spot measurement, it does not necessarily
reflect water availability throughout a growth season. For this reason, δ13C is thought to be a better
measure of plant moisture availability throughout a season, providing cumulative evidence of moss
turf submergence (Wasley et al. 2006a, Bramley-Alves et al. 2015). Given the slow growth rate of East
Antarctic moss species, between 0.63 and 1.57 mm yr-1 (Clarke et al. 2012, Waterman 2015), the 3 mm
of moss apices analysed for δ13C consists of moss growing over a period of 2–4 years, giving a longer
term indication of water availability to a moss turf. When moss is submerged, the water provides a
barrier to carbon dioxide gas diffusion, resulting in less negative values of δ13C when moss has been
inundated with more snow melt. Conversely, when moss turfs are drier, the values of δ13C are more
negative, as RuBisCO (an enzyme involved in carbon fixation for photosynthesis) preferentially fixes
the lighter 12C isotope rather than the heavier 13C from the CO2 used for photosynthesis (BramleyAlves et al. 2015).
Bramley-Alves et al. (2015) found that the δ13C signatures of Ceratodon purpureus samples, collected
within each community at the ASPA 135 and Robinson Ridge long-term monitoring sites, correlated
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with turf water content (Figure 2-13). The Bryophyte community (wet samples) had the least negative
δ13C, the Lichen community (dry samples) the most negative δ13C, and the Transitional community
(intermediate samples) intermediate δ13C. This indicates that the mosses in the Bryophyte community
had been submerged for the longest period each growing season, followed by the Transitional
community, and the Lichen community was submerged for the shortest period. These results again
emphasise the water availability gradient present in the study sites. Please note that these samples
were removed from areas close to, but outside, the permanent monitoring quadrats, in order to
preserve the vegetation within the quadrats.

13

Figure 2-13
δ CCELLULOSE of Ceratodon purpureus, correlated with spot estimates of turf water content
(TWC), sampled from two long-term monitoring sites (ASPA 135 and Robinson Ridge) in the Windmill Islands,
East Antarctica. Samples were collected from wet (Bryophyte community), intermediate (Transitional
13
community) and dry (Lichen community) environments. The relationship between δ C and TWC was significant
2
(n = 22, y = 0.6x – 25.1; p < 0.0007, R = 0.44). Taken from Bramley-Alves et al. (2015).

Relative water availability can also be estimated through the use of spatial models to determine likely
snowmelt streams across a site (as per the method described in Lucieer et al. 2014, see Appendix
9.7.1). Previous work has shown that these models correlate with moss health estimates from the
long-term monitoring quadrats at Robinson Ridge (Lucieer et al. 2014, see Appendix 9.7.1). Streams of
meltwater are visible in models of both sites, although the model is not sufficient to show accurately
the pooling of water to the extent that is observed in the field, particularly at ASPA 135. As moss turfs
act like sponges, soaking up any surrounding water, this was simulated by calculating a zonal 25 cm
mean of the modelled natural log (ln) specific catchment area across both study sites (Figure 2-14 and
Figure 2-15).
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It is easier, and perhaps more accurate, to model relative water availability at Robinson Ridge (Figure
2-15), as the source of snow melt is a snow bank which slowly retreats throughout the season. It is
important to remember that the streams visible in the model would only run when there was
sufficient snowmelt at the head of the particular stream, so the most southerly streams cease to run
earlier in the season than the northerly streams. ASPA 135 (Figure 2-14) does not have a visible snow
bank, as most of the snow melts out in the surrounding area in the first half of the season, however
the bowl shape of the site does ensure that appreciable meltwater pools in the centre, providing a
stable source of water for the Bryophyte community. Water can be heard running through this site
even when there is no visible source of melt, and it is thought that water may be running to the site
just below the ground surface, from the nearby lake or other surrounds (S. Robinson, pers. comm.
2016). The pool may also be a moraine lake remnant, with a small lip on the downward slope, which
could help to dam meltwater in the basin and keep the Bryophyte community supplied with water for
longer periods throughout the summer (S. Robinson, pers. comm. 2016).
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B
Bryophyte

Figure 2-14
Relative water availability at ASPA 135, as modelled by the natural logarithm of the contributing upstream area, weighted by snow. Snowmelt runoff was
modelled as in Lucieer et al. (2014, see Appendix 9.7.1). Inset site profile shows where each community falls on the slope, Bryophyte (B) in green, Transitional (T) in purple
and Lichen (L) in orange. Note that water pools in the centre of the basin. The slope to the north east is more gradual than the rest of the site.
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Figure 2-15
Relative water availability at Robinson Ridge, as modelled by the natural logarithm of the
contributing upstream area, weighted by snow. Snowmelt runoff was modelled as in Lucieer et al. (2014, see
Appendix 9.7.1). Inset site profile shows where each vegetation community falls on the slope, Bryophyte in
green, Transitional in purple and Lichen in orange. Note that the snow bank retreats northeast throughout the
summer, causing the most southerly streams to stop flowing late in the season.
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2.4.2 Study species responses to water availability
Water availability is crucial for vegetation growth in the desert environment of the Antarctic. The
majority of water present in the Antarctic ecosystem is biologically unavailable, locked away as snow
and ice, and the meltwater available is ephemeral, varying both spatially and temporally throughout
the austral summer (Kennedy 1993a, Wasley et al. 2006a). In the scarce ice-free areas of the
Antarctic continent, vegetation needs to adapt to withstand frequent periods of desiccation and/or
freezing and have only weeks or even days of available moisture for survival (Kennedy 1993a).
Bryophytes are non-vascular plants, which store water internally within cells and externally within
the bryophyte turf (Wasley et al. 2006b). This external water storage is affected by turf structure,
which varies between species, thus different species have different water retention capacity and
tolerance of desiccation (Wasley et al. 2006b). Although the Antarctic is typically considered a desert
environment, with most water locked away as snow and ice, the tolerance of submergence is also an
important factor for bryophyte survival in the Windmill Islands, as summer melt forms streams,
pools and lakes throughout the region (Wasley et al. 2006b).
Of the three moss species present in the Windmill Islands, S. antarctici has the slowest growth rates,
is the most affected by low water availability (Table 2-2), and is thus more common in wetter
microhabitats (Robinson et al. 2000, Wasley et al. 2006b). When water is plentiful, S. antarctici
maintains a high water content and has high tolerance of submergence, but loses water at a fast rate
and is the least able to maintain photosynthetic efficiency when water content is reduced (Robinson
et al. 2000, Wasley et al. 2006b). Conversely, C. purpureus has moderate growth rates, is the least
affected by low water availability, is negatively affected by submergence (Table 2-2), and is thus
more common in drier microhabitats (Robinson et al. 2000, Wasley et al. 2006b). When water
contents are lower, C. purpureus loses water at a slower rate and can maintain photosynthetic
efficiency at lower water content than both other moss species (Robinson et al. 2000, Wasley et al.
2006b). The third study species, B. pseudotriquetrum, has the fastest growth rates, has variable
responses to water availability (Table 2-2), dependent on the environment in which the plant has
grown, and is thus present in a wide range of microhabitats, provided there is enough water for
survival (Robinson et al. 2000, Wasley et al. 2006b). When water contents are higher,
B. pseudotriquetrum has similar rates of water loss to S. antarctici, however, with low water
contents the rate of water loss of B. pseudotriquetrum is initially (within the first 20h) more similar
to C. purpureus (Robinson et al. 2000, Wasley et al. 2006b). The photosynthetic efficiency of
B. pseudotriquetrum also has the greatest plasticity of the three species (Wasley et al. 2006b). Under
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good conditions, B. pseudotriquetrum flourishes, growing through and above surrounding turf,
however, it does not appear to be as tolerant of either wet or dry extremes in comparison with the
other two species (Bramley-Alves et al. 2015).

Table 2-2
Mean growth rates and relative tolerance to desiccation and submergence of three Windmill
Islands moss species. Adapted from Robinson et al. (2000), Wasley et al. (2006b), Wasley et al. (2012) and
Waterman (2015).
Species
Mean Windmill Islands
Tolerance of
Tolerance of
Typical
growth rate ± SD
Desiccation
Submergence
Windmill
-1
(mm yr )
Islands
Microhabitat
Schistidium antarctici
0.77 ± 0.41
Low
Highest
Wet/
Submerged
Bryum
2.26 ± 0.81
Flexible
High
Variable
pseudotriquetrum
Ceratodon purpureus
1.33 ± 0.76
High
Low
Dry

The Windmill Islands region includes two Antarctic Specially Protected Areas (ASPAs) and supports
some of the best-developed vegetation in continental Antarctica. A long-term monitoring system for
Windmill Islands vegetation was piloted in 2000 (Wasley et al. 2012) and permanent quadrat
locations established in 2003. Chapter 3 describes methodological development of the semiautomated object-based image (OBIA) analysis for vegetation health monitoring of the quadrats.
Chapter 4 describes the baseline (2003) data for the monitoring system. Chapter 5 describes the
changes observed in the Windmill Islands throughout a decade of monitoring since the baseline
(2003-2013). Chapter 6 further investigates the changes observed in the bryophyte-dominated
community throughout a 13 year period since the pilot study (2000-2013), and explores potential
environmental drivers of change. Finally, Chapter 7 provides recommendations for future monitoring
and management of these Antarctic vegetation communities.
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3 Digital Imaging Classification
3.1 Introduction
Climate change has caused range shifts in vegetation communities towards the poles and upward in
elevation, as well as changes in phenology and growth worldwide (IPCC 2014a, Pecl et al. 2017).
Plants are limited in their ability to move across a landscape, and could serve as some of the most
sensitive indicators of ecosystem change as global climate changes cause both regional and local
impacts across the globe (Parmesan 2006). In order to inform management of ecosystems,
determine community dynamics and to detect change in vegetation communities over time,
vegetation must be monitored over the long-term (Howard-Williams et al. 2006, Barrett et al. 2008,
Michaels and Power 2011). This requires vegetation monitoring studies in a short periodicity time
sequence, involving field visits by adequately trained researchers, the development of a good
experimental design and the collection of sufficient data to detect ecologically significant changes
(Legg and Nagy 2006). Where fieldwork is difficult, dangerous, remote or expensive, it is much more
challenging to ensure adequate monitoring. One such example is long-term monitoring of vegetation
in Antarctica, where there are difficulties relating to the expense of sending researchers to
Antarctica, weather-related delays, field surveys conducted in the extreme cold, mechanical
difficulties with equipment, as well as Antarctic Treaty System principles necessitating minimal
destructive sampling of vegetation.
Antarctic moss turfs are comprised of mosses of small size (<10 cm depth) and high shoot density
(~650 shoots per cm2), that appear somewhat like forest-covered mountain ranges when
photographed at short range, due to the impacts of cryoturbation (Figure 3-1). Remote sensing
offers numerous advantages in the collection of consistent digital imaging products, particularly
useful for monitoring over time. The use of remote sensing techniques, including maximising the
advantages of digital imaging, offers a unique way of repeatedly monitoring the state of Antarctic
vegetation at distinct time points. This reduces time spent in the field and minimises destructive
impacts upon the vegetation communities, in accordance with Antarctic Treaty System principles.
‘Digital imaging’ is broad and includes standard RGB pictures from smartphones and digital cameras,
as well as satellite imagery that offers spectral sensing at multiple wavelengths. Such imagery can be
acquired at a variety of spatial scales, ranging from coarse (>250 m) satellite imagery to very fine (14 m) and ultra-fine resolution (<1 m) aerial and ground photography, often acquiring spectral
information useful for mapping biophysical features (Ehlers et al. 2003). The challenge lies in
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Figure 3-1
Typical moss turf in the Windmill Islands, East Antarctica. The freeze-thaw action of
cryoturbation causes the characteristic ridged appearance, somewhat similar to forest-covered mountain
ranges. Photo provided by Sharon Robinson.

determining the balance between monitoring parameters and aligning these with current sensor
technology, whilst future-proofing a method to ensure spatio-temporal monitoring over time, which
will be particularly useful to assess the impacts of global climate change. In addition, satellite
imagery is not always acquired over the poles, is often affected by cloud cover, and lacks the spatial
resolution necessary for moss turfs (Malenovský et al. 2017, see Appendix 9.7.3). Satellite imagery
over the continent is therefore relatively sparse, with continental Antarctic vegetation communities
spanning areas from centimetres to metres and having turf densities of up to and greater than 500
individuals per square centimetre, and as a result, the lower resolution imagery obtained by
satellites is unsuitable for vegetation studies in these areas (Wasley 2004, Lucieer et al. 2010,
Malenovský et al. 2017, see Appendix 9.7.3). Digital photography with very high (1-4 m) and ultrahigh (<1 m) spatial resolution, taken from the air (via unmanned aircraft systems, aka UASs) or near
ground level, is thus the only useful source of remote sensing imagery for analysis of these smallscale communities (Lucieer et al. 2010, Malenovský et al. 2017, see Appendix 9.7.3).
Standard RGB digital photography has been successfully utilised in vegetation studies to determine
vegetation cover (Bennett et al. 2000, McCarthy and Zaniewski 2001, Booth et al. 2005, Laliberte et
al. 2007a, Greenwood and Weisberg 2009, Ko et al. 2009, Haywood and Stone 2011, Kim et al.
2011), vegetation type (Ehlers et al. 2006, Lathrop et al. 2006, Luscier et al. 2006, Yu et al. 2006,
Hájek 2008, Greenwood and Weisberg 2009, Laliberte et al. 2010, Michel et al. 2010, Cserhalmi et al.
2011, Whiteside et al. 2011) and vegetation changes over time (Bennett et al. 2000, Ehlers et al.
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2006, Cserhalmi et al. 2011). The applications of digital aerial photography for assessing vegetation
have been comprehensively reviewed by Fensham and Fairfax (2002), highlighting some of the issues
faced when using photographs taken from the air. These issues include aerial image distortion, as
well as the loss of accuracy upon using automated classification as opposed to visual interpretation
of images, which can suffer from human error and replication of human interpretation (Fensham
and Fairfax 2002).

3.1.1 Image analysis
The choice between digital or visual image analysis techniques for vegetation studies is dependent
on the area and purpose of the study, the data used and the available funding for the research.
Digital image analysis has a number of advantages over visual image analysis, including greater
efficiency due to the fast processing speeds; high flexibility where processing can readily be
repeated with different parameters; reliability with consistent results regardless of the user; and
portability as imagery and the resulting analyses can readily be shared with other users (Gao 2009).
Digital image analysis using computer software is a more objective method than visual image
analysis, and relies less on observer knowledge and interpretation than visual methods (Bennett et
al. 2000, Booth et al. 2005, Booth et al. 2006). Digital image analysis involves decision-making based
on pixel values, as opposed to using visible and contextual cues and relying on the experience of the
observer for visual interpretation of imagery (Booth et al. 2006, Gao 2009). It is also relatively quick
to apply th methods to imagery, once a protocol has been established. The disadvantages of using
digital analysis include high setup costs as the hardware, software and data can be quite expensive;
potentially limited accuracy due to ambiguities, cloud cover and shadow; high complexity of the
system of analysis, requiring a user to train and practice for many hours prior to analysis in order to
learn the software and become used to the content of the images; and limited choices as imaging
systems are tailored towards specific goals and applications (Gao 2009).

3.1.2 Object-based Image Analysis (OBIA)
Digital images are inherently composed of square pixels, and traditional image analysis methods
have assessed vegetation characteristics in images based upon classification of these individual
pixels using spectral similarities (Blaschke 2004, Yan et al. 2006). This has proved to produce
adequate results for many applications, however, per-pixel-based approaches do not make use of
spatial relationships between pixels, which are easily discernible by the human eye, but much more
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difficult to differentiate within digital analysis systems (Blaschke and Strobl 2001, Blaschke 2004). As
vegetation communities have complex relationships, with patches varying in size, internal
homogeneity and discreteness, it is more suitable to analyse these communities based on
combinations of their spatial and spectral patterns (Blaschke and Strobl 2001). Object-based image
analysis (OBIA) is a useful technique to analyse such communities, with images being segmented
into relatively homogeneous areas to create meaningful objects for analysis (Blaschke and Strobl
2001, Liu and Xia 2010), with rules developed to isolate elements of interest.
Numerous studies have used OBIA methodology for the evaluation of vegetation community
characteristics in airborne and space-borne imagery, with recent advances in analytical software and
technology leading to a marked increase in the usage of effective segmentation-based methods (Hay
et al. 2005, Bunting and Lucas 2006, Conchedda et al. 2007, Laliberte et al. 2007b, Jobin et al. 2008,
Pringle et al. 2009, Berberoglu et al. 2010, Blaschke 2010, Laliberte and Rango 2011, Torres-Sánchez
et al. 2015). However, few studies have used OBIA for percent cover analysis of vegetation in nearsurface field photographs (Luscier et al. 2006, Zhang et al. 2007, Laliberte et al. 2007a, Michel et al.
2010), with only one study using OBIA to measure vegetation percent cover in a polar region (Chen
et al. 2010). Classification methods using fuzzy logic based on neighbouring pixel values have
recently been utilised in vegetation classification analyses, leading to high classification accuracy
(Luscier et al. 2006, Laliberte et al. 2007a), however, these methods can lead to confusion between
vegetation classes (Chen et al. 2010). Rule-based classification of vegetation in an Arctic study was
successfully performed with high accuracy, using both RGB (red, green and blue) band and HSI (hue,
saturation and intensity; Figure 3-2) band (transformed from the original RGB images) threshold
values (Chen et al. 2010), as HSI transformations can be very effective for vegetation classifications
(Laliberte et al. 2007a).
Antarctic fieldwork can be difficult, performed at remote field locations and in extreme cold weather
conditions. The time required to take digital photographs in the field is much less than that required
for traditional percent cover estimates of vegetation (Table 4-5, see section 4.4), thus the use of
OBIA to assess digital photographs of quadrats enables vegetation cover analyses to be more easily
performed in remote areas, sites where disturbance must be minimised and field sites which are
difficult to access. Digital photographs can also be easily stored and provide an invaluable source of
data for monitoring applications. Such techniques would enable non-destructive sampling of fragile
Antarctic terrestrial vegetation communities, allowing more frequent monitoring intervals and a
reduction of sampling time spent in the field. Here I aim to develop a new object-based image
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analysis methodology to measure vegetation percent cover in Antarctic terrestrial quadrats, and to
compare its results to those of two other methods: manual digitisation and expert visual estimates.

Figure 3-2
A schematic diagram of the HSI colour space in relation to the RGB colour space. Hue is
defined as the angle between a reference line and the colour point in RGB space; saturation is the radial
distance from the centre of the cylinder (where points nearer the centre are the lightest in colour); and
intensity is the height in the axis direction, defining the level of grey between black (zero intensity) and white
(maximum intensity). Taken from Cheng et al. (2001).

3.2 Methods
3.2.1 Image acquisition
A long-term vegetation monitoring system was established in 2003 at two sites in the Windmill
Islands, East Antarctica, ASPA 135 and Robinson Ridge, for Australian State of the Environment
Indicator 72 (see Chapter 2). Permanent 25 x 25 cm quadrat locations have been repeatedly
monitored at three vegetation communities in these sites throughout the 2003–2013 decade. Digital
RGB photographs of each quadrat were taken in Jan–Feb 2003, 2008, 2011, 2012 and 2013.
A test image mosaic was created from digital quadrat photographs (Figure 3-3) to assess the
feasibility of using object-based image analysis for estimation of percent cover of vegetation in
continental Antarctica. Three representative quadrats were included in the test mosaic, out of the
total 60 quadrats in the monitoring system (see section 2.2). Images taken at 5–year intervals (2003,
2008 and 2013) were included in the mosaic for each of the three quadrats chosen (Figure 3-3).
These images included moss in the full range of health states from bright green/olive green healthy
moss, through to red/brown stressed moss and black/grey moribund moss (as seen in the field,
Figure 3-4). Moribund moss is moss that appears dead (grey to black in colour) and has no evidence
of chlorophyll presence in the leaves when examined microscopically. Although looking dead,
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moribund moss can, in some cases under ideal conditions, regenerate from very low numbers of
individual healthy cells. The results from the test mosaic only will be dealt with here, as a test of
method feasibility and accuracy; see chapter 4 for vegetation health and cover results from the 2003
baseline, and Chapters 5 and 6 for results on changes throughout the decade 2003–2013.

Figure 3-3
Test mosaic of 9 quadrat images from sites in the Windmill Islands. The mosaic comprises
photos of three quadrats, taken at 5 year intervals (2003, 2008 and 2013). AB2: ASPA 135 Bryophyte
community quadrat 2, AT2: ASPA 135 Transitional community quadrat 2, RB2: Robinson Ridge Bryophyte
community quadrat 2.

As the moss beds are sensitive vegetation, easily damaged by trampling and disturbance, care had to
be taken to prevent standing on the moss, thus handheld photographs had to be taken whilst
standing on the nearest rocks to the quadrat location from above the quadrat. All care was taken to
stand in the same position each subsequent year for photography, however, differences in camera
height and position were inevitable between different quadrats and years. Different cameras were
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also used in different field seasons, as technology improved over time (Table 3-1). Reference photos
from the baseline 2003 field season were used to correctly reposition the physical metal quadrat
each subsequent field season, however, as frost heave causes moss to move within a quadrat over
time, the physical positions of the quadrats do change slightly between years, and direct pixel to
pixel change detection over time is thus problematic. Determining the change in percent cover of
vegetation within each quadrat was therefore the most efficient method to assess vegetation health
over time.

Figure 3-4
An example of moss turf found in the Windmill Islands, East Antarctica. Note the different
colours of the moss turf, from green (Healthy) to red (Stressed) to black (Moribund). Photo provided by Sharon
Robinson.
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Table 3-1
Digital cameras used for quadrat image acquisition each field season.
Season
Camera
Image Resolution
2003: Jan-Feb 2003
Olympus C3000Z
2048 x 1536 pixels
2008: Jan 2008
Olympus µ795SW
3072 x 2304 pixels
2013: Jan-Feb 2013
Sony DSC-HX9V
4608 x 3456 pixels

3.2.2 Image preprocessing
In order to resize each quadrat image to its correct dimensions, a polygon shapefile was created with
a 3 x 3 grid of 25 x 25 cm squares, with each quadrat then being georeferenced to the appropriate
square using ArcGIS v. 9.3 (ESRI, Redlands, USA) (Figure 3-3).
The spatial resolution of the quadrat photos changed with improved camera quality over time, from
2048 x 1536 pixels in 2003 to 4608 x 3456 pixels in 2013 (Table 3-1). The varied positioning of
different quadrats within the photos also led to different spatial resolutions of the areas used for
vegetation classification. To allow direct comparison of results between quadrats and across years,
all images were rectified to uncompressed geotiffs with a pixel size of 0.0005 x 0.0005 m, using
nearest neighbour resampling to retain original pixel values for determination of vegetation type.
As the area within each quadrat was the focus for vegetation classification, the physical quadrat
itself, as well as the area outside the quadrat in each photo, must be masked out. Thus, the inner
border of the physical quadrat was manually digitised for each quadrat photograph (Figure 3-5).
Large rocks, as well as those with unusual colouring (eg. pink, or black and grey), were found to be
difficult to classify using only the red, green and blue pixel band values of a normal digital
photograph, due to their variability in colour and texture, and it was faster to manually digitise these
than to try to classify them automatically. Macrolichens and some crustose lichens were likewise
found to be difficult to classify, due to variable colouring and texture between different species, and
were similarly digitised. Some photographs contained areas of snow or water, and these were also
digitised. Some quadrats contained areas of very wet moss, which was very dark in colour and thus
tended to be incorrectly classified as moribund moss, so these areas were manually digitised and
classified. The georeferenced images and their associated masks were then ready to be used for
calculation of vegetation percent cover by OBIA classification of vegetation within the quadrats.
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Figure 3-5
Image processing workflow for classification of ground cover class percent cover in RGB photographs of East Antarctic vegetation monitoring quadrats.
Please see Figure 3-6 for workflow of classification using digital RGB values.
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3.2.3 OBIA Classification
Many different methods exist for object-based image analysis, however ‘eCognition’ (Trimble,
München, Germany) is the most common commercial software package capable of performing a
multiscale image segmentation approach, ideal for land cover analysis (Blaschke 2004). For this
reason, in order to assess which parameters and rules would be most successful in classifying
vegetation into categories of healthy, stressed or moribund, the image mosaic for the quadrats, as
well as the associated masks, were imported into the eCognition OBIA software for analysis (Figure
3-5).
3.2.3.1 Segmentation
Optimal settings for image object segmentation were determined using the Estimation of Scale
Parameter (ESP) tool (Drǎguţ et al. 2010). This tool allows the user to improve object segmentation
parameterisation in eCognition by showing changes in local variance (LV, the whole image mean of
the standard deviation in 3 x 3 pixel areas across the image) and rate of change (ROC) across a range
of scale parameters (Drǎguţ et al. 2010). Peaks in the ROC-LV graph indicate the most appropriate
object levels for segmentation, and segmentation at each of these optimal levels can then be visually
assessed to determine which scale level is necessary to segment meaningful objects of interest for
subsequent image classification. The ESP tool was run iteratively with various combinations of shape
and compactness, and the final combination of the three parameters (shape, compactness and
scale) was determined by visual comparison and assessment of segmentation results using different
parameters, based on expert knowledge.
3.2.3.2 Rule determination
The eCognition ruleset was divided into five stages: image segmentation, classification using masks,
classification using values, manual adjustments and saving output.
The first stage was image segmentation (Figure 3-5). Once optimal segmentation parameters were
determined using the ESP tool, multi-resolution image segmentation was performed on the 9 image
mosaic to create image objects for classification. Multiresolution image segmentation of the test
mosaic was performed with scale parameter 27, shape 0.1 and compactness 0.5. All imported
shapefiles were included as thematic layers in this stage, to maintain the borders as they were
manually digitised during pre-processing, while creating meaningful objects for the rest of the
image.
The second stage was classification using masks (Figure 3-5). As these images were simple RGB
digital photographs, it was difficult to distinguish between some of the ground cover classes which
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could typically be differentiated by spectral characteristics, for example: grey rock vs. grey moribund
moss, black rock vs. black moribund moss vs. black macrolichens and white rock vs. white
macrolichens. It was therefore decided to mask out all ground cover classes except moss (as per
section 3.2.2), as the health state of the moss was the principal focus of the monitoring program.
The second stage comprised a set of rules to classify all segments that were manually digitised
during pre-processing, including masking out any area of the image outside the area of interest.
The third stage was classification using digital values (Figure 3-6). Sample objects of each class found
within the image mosaic were selected using expert knowledge, and distributions of digital values
were visualised for different features within eCognition, to find features to separate each individual
class. A shapefile containing fields for each possible useful OBIA feature was also exported for
greater ease of assessment of class separability using different features. Each feature was visualised
as a gradient, with 50% opacity overlayed onto the original image mosaic. Features were separated
into 15 Jenks Natural Breaks categories to aid with visual assessment of separation of classes, and
thresholds between the different ground cover classes visually determined. The threshold value was
determined as the digital value separating the appropriate Jenks Natural Breaks categories, and was
then used as a threshold value for object classification within the eCognition ruleset.
Upon evaluation, the OBIA features found to be most useful for object classification included: pixelbased ratios of red, green and blue; HSI colour space Intensity and Saturation (converted from RGB
within the eCognition software); relative border to another class; and area of objects. Red, green
and blue pixel based ratios were used instead of mean R, G and B values, as ratios were less affected
by different lighting conditions and different cameras. Various combinations of features were found
to be useful in distinguishing the different health stages of moss.
The different red, green and blue pixel-based ratios alone were not enough to definitively separate the ground
cover classes, however when combined into Death index1 they were useful for classification of the majority of
moribund moss (I defined Death index1 as

Equation 3-1, where high values indicate moribund moss). Death index2 was useful in distinguishing
the remaining moribund moss (I defined Death index2 as Equation 3-2, where lower values indicate
moribund moss). A high Stress index indicated stressed moss (Equation 3-3, where higher values
indicate more stress, ie. higher contribution of red to overall object colour), and, conversely, a low
Stress index combined with high pixel based ratios of green indicated healthy moss. Both HSI
Intensity and Luminance (Equation 3-4, where PbR denotes “Pixel based Ratio of”, and R, G, and B
are the red, green and blue bands, respectively) were found to be useful in distinguishing shadows
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(black, low Intensity and low Luminance) and small wind-blown rocks (white, high Intensity and high
Luminance) (Trussell and Vrhel 2008).

𝐏𝐢𝐱𝐞𝐥 𝐛𝐚𝐬𝐞𝐝 𝐑𝐚𝐭𝐢𝐨 𝐨𝐟 𝐁

Equation 3-1

𝑫𝒆𝒂𝒕𝒉 𝒊𝒏𝒅𝒆𝒙𝟏 =

Equation 3-2

𝑫𝒆𝒂𝒕𝒉 𝒊𝒏𝒅𝒆𝒙𝟐 =

Equation 3-3

𝑺𝒕𝒓𝒆𝒔𝒔 𝒊𝒏𝒅𝒆𝒙 =

Equation 3-4

𝑳𝒖𝒎𝒊𝒏𝒂𝒏𝒄𝒆 = (𝟎. 𝟐𝟏𝟐𝟔 ∗ 𝑷𝒃𝑹 𝑹) + (𝟎. 𝟕𝟏𝟓𝟐 ∗ 𝑷𝒃𝑹 𝑮) + (𝟎. 𝟎𝟕𝟐𝟐 ∗ 𝑷𝒃𝑹 𝑩)

(𝐏𝐢𝐱𝐞𝐥 𝐛𝐚𝐬𝐞𝐝 𝐑𝐚𝐭𝐢𝐨 𝐨𝐟 𝐆 ∗ 𝐏𝐢𝐱𝐞𝐥 𝐛𝐚𝐬𝐞𝐝 𝐑𝐚𝐭𝐢𝐨 𝐨𝐟 𝐑)
𝐇𝐒𝐈 𝐈𝐧𝐭𝐞𝐧𝐬𝐢𝐭𝐲
(𝐇𝐒𝐈 𝐒𝐚𝐭𝐮𝐫𝐚𝐭𝐢𝐨𝐧 ∗ 𝐏𝐢𝐱𝐞𝐥 𝐛𝐚𝐬𝐞𝐝 𝐑𝐚𝐭𝐢𝐨 𝐨𝐟 𝐑 ∗ 𝐏𝐢𝐱𝐞𝐥𝐛𝐚𝐬𝐞𝐝 𝐑𝐚𝐭𝐢𝐨 𝐨𝐟 𝐆)

𝐏𝐢𝐱𝐞𝐥 𝐛𝐚𝐬𝐞𝐝 𝐑𝐚𝐭𝐢𝐨 𝐨𝐟 𝐑
𝐏𝐢𝐱𝐞𝐥 𝐛𝐚𝐬𝐞𝐝 𝐑𝐚𝐭𝐢𝐨 𝐨𝐟 𝐆

The classification process involved a series of manually refined rules determining which class an
object should be assigned to, based on digital value thresholds, followed by further refinement of
certain classes based on position and size of an object (Figure 3-6). For example, if an object was
surrounded by healthy moss, and the object was very small, it was likely to be a small wind-blown
rock. Similarly, areas of shadow could be reassessed by whether the border of an object was
predominantly shared with moss of a particular health state, for example if an object was classified
as shadow and shared more than 50% of its border with objects classified as healthy moss, it is likely
that that area of shadow was actually healthy moss.
The results of the classification were assessed visually for each quadrat. Postprocessing involved
manual correction of some small misclassification issues, for example areas of wet healthy moss, not
perceived in the preprocessing stage, misclassified as moribund. Object statistics were exported, in
order to obtain a final pixel area of each class, for later conversion to a final percent cover. A tif
image was also exported to show the classification results for each quadrat. Finally, a Shapefile was
exported with a field for class name, for later visualisation of the classification.
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Figure 3-6
Workflow of classification using digital RGB values in RGB photographs of East Antarctic vegetation monitoring quadrats. Please refer to Figure 3-5 for the
entire image processing workflow.
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3.2.4 Accuracy Assessment
This monitoring methodology is designed to replace field estimation techniques of percent cover of
vegetation, and it is therefore imperative to ascertain the accuracy of any automated classification
process, including both the thematic accuracy of the classification as well as how the classification
results compare with the most commonly used current field techniques (vegetation cover accuracy).
3.2.4.1 Thematic Accuracy
The subset of nine quadrat images used for data exploration and assessment was subsequently used
for accuracy assessment of the rule-based classification. The map document created for the original
image pre-processing was further used for manual classification of the mosaic by manual digitisation
of the various vegetation classes. Two of the 9 quadrat images in the mosaic were also
independently digitised by a further three experts, in order to achieve a majority consensus of the
classification of the vegetation types in the quadrats that were most difficult to assess. This majority
consensus was used in the final manual classification shapefile, in addition to the other seven
manually classified quadrats.
Following semi-automated classification, the classification result was imported into the preprocessing map document and compared with the manual classification. Manual and semiautomated classification results were both spatially joined to a grid of points spaced 0.005 m apart
across the entire mosaic (one point per pixel in the mosaic, a total of 21608 points) to compare
vegetation cover classifications, and the resulting table was exported as a database file for further
analysis. The statistics program SPSS v. 21 (IBM, NY, USA) was used to compare the manual and rulebased classification results database files, and calculate the Conditional Kappa coefficient as a
measure for thematic accuracy, to test individual category agreement between two different
classifications (Congalton and Green 2009).
3.2.4.2 Vegetation Cover Accuracy
As the semi-automated classification is designed to be a method to replace field estimates of
percent cover, the classification results were compared with traditional grid estimation percent
cover estimates by three Antarctic vegetation experts. The three experts were given the same three
images to analyse, one from each year of sampling for a single quadrat (bottom row of mosaic Figure
3-3, quadrat RB2 from 2003, 2008 and 2013). The quadrat was overlaid with a 5 x 5 cm grid,
mimicking the grid used in field estimates of percent cover. The experts assessed the percent cover
of the various classes for each square in the grid, and the results were used to calculate total percent
cover for each quadrat. These estimates of percent cover were compared to the rule-based
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classification estimate and the manual classification estimate, and chi-square likelihood ratio
analyses were conducted in the statistics program JMP Pro v. 11 (SAS, NC, USA).

3.3 Results
3.3.1 Segmentation
The Estimation of Scale Parameter (ESP) tool (Figure 3-7) was used to determine the optimal
segmentation scales for the test mosaic, and peaks in the rate of change at scales of 27 and 33
suggested these to be optimal scale parameter settings for segmentation of the mosaic. Scales
higher than 33 were found to create objects that were too large for appropriate separation of
vegetation types. Multiresolution image segmentation was performed at both optimal scales, and
the segmentation results were visually assessed. The scale of 27 was optimal, as there were more
objects containing mixed vegetation categories when segmented with a scale of 33, which were
separate objects when segmented with a scale of 27, as seen in Figure 3-8.

Figure 3-7
ESP tool output for the 9 quadrat image mosaic. Graph depicts changes in local variance (LV,
red) and rate of change (ROC, blue) with increasing scale parameter. Peaks in the ROC-LV graph indicate the
most appropriate object levels for segmentation. Suitable scales for image segmentation for the mosaic were
27 and 33, as indicated by arrows.
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Figure 3-8
Comparison of scale parameters 33 (top) and 27 (bottom). Scale 27 was chosen as optimal
for image segmentation, as it separated out the smaller areas of healthy, stressed and moribund moss, which
formed mixed objects when the image was segmented with scale 33, as seen in the three circled areas.

3.3.2 Classification
Classification of the image mosaic was an iterative process, with rules using thresholds to classify
objects into intermediary classes, reclassifying objects, merging objects, looping classifications and
final classification into final classes (Figure 3-6). The full eCognition ruleset is presented in Appendix
9.3.
Following image segmentation and classification of these nine quadrat images, the total estimated
percent cover of each category across the entire mosaic was: 45.3% healthy moss, 23.7% stressed
moss, 26.5% moribund moss, 4.0% rock, 0.2% lichens, 0.1% snow and 0.3% shadow. There were no
water, wet moss or unclassified pixels in the test mosaic.
Individual quadrat percent cover of each category varied, but all quadrats showed a similar trend
over time (Figure 3-9). In 2008, healthy moss dropped to less than one third of 2003 levels in all
quadrats. This was associated with a similar increase in percent cover of stressed moss. By 2013, the
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percent cover of healthy moss had risen again and the cover of stressed moss had decreased in all
three quadrats, albeit to varying degrees.

Figure 3-9
Percent cover of vegetation categories within each quadrat in the test mosaic in Figure 3-3
(inset at left): a) AB2, b) AT2 and c) RB2, at five-year intervals from 2003–2013.

3.3.3 Thematic Accuracy
When comparing the semi-automated classification results with the manually digitised classification,
the total classification accuracy was 84%, with an overall Kappa value of 0.76 (Table 3-2). The
Conditional Kappa values ranged from 0.67 for stressed moss to 0.95 for rock. The greatest errors of
commission (ie. areas incorrectly classified in a class) were 26% stressed moss and 17% healthy
moss. The greatest errors of omission (ie. areas incorrectly omitted from a class) were 25%
moribund moss and 14% stressed moss.
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eCognition Classification

Table 3-2
Comparison of test mosaic classification by eCognition and manual classification by expert.
a) Error matrix (%), b) Accuracy assessment (%). Conditional Kappa calculated as per Congalton and Green
(2009).
a)
Manual Classification
Healthy Stressed Moribund Lichens
Rock
Snow Shadow Total
Moss
Moss
Moss
Healthy
38.03
2.13
5.16
0.00
0.25
0.00
0.00
45.57
Moss
Stressed
3.24
17.54
2.89
0.00
0.06
0.00
0.00
23.74
Moss
Moribund
1.14
0.67
24.27
0.00
0.12
0.00
0.00
26.20
Moss
Lichens
0.01
0.00
0.01
0.15
0.00
0.00
0.00
0.17
Rock
0.12
0.03
0.06
0.00
3.78
0.00
0.00
3.99
Snow
0.01
0.00
0.00
0.00
0.00
0.08
0.00
0.09
Shadow
0.12
0.05
0.08
0.00
0.02
0.00
0.00
0.26
Total
42.66
20.42
32.46
0.16
4.21
0.08
0
100
b)
Healthy Moss
Stressed Moss
Moribund Moss
Lichens
Rock
Snow
Shadow
Total Accuracy
Total Kappa

Producer’s Accuracy
89%
86%
75%
94%
90%
94%
–

User’s Accuracy
83%
74%
93%
89%
95%
89%
0%

Conditional Kappa
0.71
0.67
0.89
0.89
0.95
0.89
0.0
84%
0.76

3.3.4 Vegetation Cover Accuracy
In a comparison of the semi-automated classification with three experts using traditional percent
cover estimation techniques, the semi-automated classification results fell within the range of expert
percent cover estimates for the majority of classes across the three quadrats (Figure 3-10). The
average ranges between expert observers across the three quadrats were 7% for healthy moss, 12%
for stressed moss, 2% for moribund moss, 1% for macrolichen, 2% for rock, and 3% for shadow. The
semi-automated classification results were not significantly different from the experts for healthy
moss, moribund moss, rock or lichens, across all three quadrats. Stressed moss was not significantly
different between experts and semi-automated classification when there was more than 15%
present, however, in quadrat R2B2003 the percent cover estimates varied significantly
(Χ²(4, N=24) = 31.19, p = < 0.0001), with semi-automated classification estimating 0% stressed moss,
and the experts ranging from 4 – 14%. Shadow was significantly underestimated in all quadrats in
the semi-automated classification (R2B2003: Χ²(4, N=10) = 13.32, p = 0.01; R2B2008: Χ²(4, N=13) = 14.34,
p = 0.006; R2B2013: Χ²(4, N=36) = 30.79, p = <0.0001).
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Figure 3-10
Comparison of percent cover estimates three experts and the semi-automated object-based
image analysis (OBIA). Asterisks indicate significant differences between observers within each class in each
year.

3.4 Discussion
My results suggest that semi-automated classification using object-based image analysis (OBIA) is a
useful tool for quantifying percent cover estimates of vegetation in sites where fieldwork can be
difficult, particularly for ground cover vegetation at the small scale where some consistent measures
have been made over time. The results confirm that vegetation percent cover can be estimated
using semi-automated object-based image analysis, with similar accuracy to visual estimation by
experts, and these vegetation cover estimates can be used to assess vegetation health changes over
time.
Comparison with three experts showed that estimates of percent cover using semi-automated
classification were within the range of variation of cover determined by human observers, whilst the
comparison of the semi-automated classification and manual classification reference data had a
thematic accuracy of 84% and a kappa value of 0.76. The thematic accuracy here is a conservative
estimate, as thematic errors determined on a pixel-by-pixel basis may be present but still have little
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effect on overall percent cover estimates. Observer variability is known to be quite high for visual
estimates of percent cover (Elzinga et al. 1998), and the experts, who were familiar with the
Windmill Islands vegetation and its various health states, all varied in their vegetation percent cover
estimates. The percent cover estimates found using semi-automated methods fell within the range
of expert estimates for the majority of classes across all three quadrats, with the only differences
being significantly less shadow and significantly less stressed moss when it was present in less than
15% of a quadrat. Semi-automated classification significantly strengthens the analysis, as the
differences in shadow estimates were due to the ability of the object-based image analysis software
to use the red and green pixel ratios to assess whether a shadow was likely to contain healthy,
stressed or moribund moss in areas of the image that were too dark for the human observers to
judge. Some shadows remained too dark for determination of vegetation health within the shadow,
with this typically occurring in frost-heave crevices. The differences in stressed moss appeared to
occur in areas where stressed moss mixed with healthy moss. In this case, there was sufficient
stressed moss for human observers to determine a certain percentage stressed in a grid estimate,
but not stressed enough to override the predominance of healthy moss within an object in the
object-based image analysis.
Standard field methods of percent cover estimation are popular because of the ease and speed of
data collection. In the field, it is possible to change viewing position to be able to see areas that may
be obscured or difficult to see in a photo, and it is also possible to add extra light if needed in order
to see into shadowy areas of a quadrat. However, the estimate of vegetation percent cover is
subjective among human observers, and the accuracy of observers’ estimates is rarely estimated
(Booth et al. 2005, Gorrod and Keith 2009). Field estimates of percent cover can be affected by
adverse environmental conditions, such as the extreme cold in Antarctica, and the longer a
researcher spends in the field, the less accurate observations may be, due to observer fatigue, the
effects of changes in weather, time constraints and time of day (Bennett et al. 2000, Gorrod and
Keith 2009). Due to the proposed length of this long-term monitoring study (25 years, with sampling
in five year intervals), it is also likely that different researchers would perform the percent cover
estimates each sampling period, thus each season would have a different observer bias.
Based on the expert assessments in Figure 3-10, the estimation of healthy versus stressed moss
cover appears to be the most subjective between observers. As this study involves classification
using vegetation colour to determine vegetation category (healthy = green, stressed = red and
moribund = white/brown/black), it is important to note that colour perception varies between
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observers, particularly between genders and different age groups, and this could affect vegetation
percent cover assessments (Booth et al. 2006, Abramov et al. 2012). Colour perception is also highly
dependent upon the variance and mean of surrounding colours (Brown and MacLeod 1997), thus
the assessment of whether or not a particular area of vegetation is healthy, stressed or moribund
can also change for a single observer. It is difficult to maintain the same vegetation health
categorisation when the dominant colour changes between quadrats, as well as being difficult to
determine boundaries between categories when the vegetation varies along a health/colour
gradient. Using semi-automated classification based on RGB digital values helps to prevent these
problems, as the classification involves a rule set using algorithms to make objective assessments of
vegetation health, and the accuracy is sufficient to assess vegetation health changes over time.
To ensure long-term monitoring could continue, inclusive of the early digital photographs acquired,
it was imperative that the methodology developed be as robust as possible in order to be able to
analyse digital RGB photographs from different years taken in different weather and acquisition
conditions. To achieve a robust analysis of change over time, the rule set was designed to prevent
overestimates of stressed and moribund moss, thus causing some errors with misclassification of
stressed and moribund moss as healthy. Reference data introduces additional error and uncertainty
in vegetation studies, thus is never perfect (Congalton and Green 2009), and some error in the
accuracy assessment was expected, due to the difficulty in defining the boundaries between
vegetation health categories. It can be difficult to define boundaries in nature and the vegetation
health categories are usually found as a gradient between healthy and stressed, stressed and
moribund or even healthy and moribund. The use of manual digitisation as reference data is also
only an approximation, due to the limitations of delineation using geographical information systems
(GIS), so some geometric errors are inevitable and subject to edge effects (Bennett et al. 2000,
Fensham and Fairfax 2002, Aksoy et al. 2010). It is therefore possible that the semi-automated
classification is actually more accurate than I have determined here. I attempted to increase the
accuracy of the manual reference data by having multiple experts digitise the same portion (two
quadrat images) of the mosaic to obtain a majority agreement, however due to time constraints it
was not possible to have more than one researcher digitise the entire mosaic. The highest percent
cover error in the error matrix was 5.16% of manually classified moribund moss being classified as
healthy moss in the semi-automated classification, and this is likely due to areas of mixed vegetation
health, where healthy moss shoots grow up through areas of moribund moss. It could also have
been caused by the similarity in colours between some light-coloured areas of moribund moss and
the colour of some areas of healthy moss.
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Recommendations to improve the accuracy include using a multispectral camera that includes a near
infrared band, enabling the use of the normalized difference vegetation index (NDVI), which would
significantly reduce pre-processing time by allowing automated removal of non-vegetated areas of
the image and better classification of vegetation health (Stow et al. 2004, Torres-Sánchez et al. 2015,
Lawley et al. 2016). However, this would not allow comparisons with the earlier data collected in the
monitoring study from 2003–2013. Accuracy could also be improved by standardising the conditions
for photography, for example ensuring that photos are not taken in direct sunlight, in order to
reduce shadows and reflections within quadrat photographs, and including colour references in each
image, so that all images can be standardised to remove the effects of different cameras and lighting
conditions. The use of fuzzy classification methods in addition to rule-based methods may also
increase the classification accuracy, although it would increase the time required for analysis as
samples would have to be selected for each class in each image (Laliberte et al. 2007a).
There are significant advantages of using semi-automated classification for long-term vegetation
monitoring projects. The classification of vegetation health is objective and consistent, and each
sampling season has the same rules, so all quadrats are assessed in the same way and valid
comparisons can be made between photographs taken in different sampling periods over time.
Digital photography of the vegetation quadrats means much less time needs to be spent in the field
and all analyses can be completed in the comfort and safety of the laboratory (Bennett et al. 2000,
Booth et al. 2005). This is particularly useful in areas where fieldwork is difficult, dangerous or
expensive. Digital photography of each quadrat can be accomplished in less than five minutes in the
field, whereas field estimation of percent cover can take up to 15 minutes per quadrat. This reduces
the time in the field from 15 hours to 5 hours, which means that a single day per field site is feasible
to complete all the required sampling each season (Table 4-5, see section 4.4). The digital
photographs are easily stored, and are thus available for future retrospective studies examining new
questions or using improved methods (Bennett et al. 2000, Booth et al. 2005). For a long-term
monitoring project, the rule development can take some time initially, but once established is
repeatable and consistent, and subsequent preprocessing and analysis of photographs is quite fast.
Once the methodology protocol has been established, combined field and lab work can be as quick
as, or quicker than, field estimations of percent cover (~15 min), while reducing the effects of
observer bias and allowing spatial and temporal comparisons of quadrats.
I have shown that the use of object-based image analysis to classify digital photographs of quadrats
provides an objective, repeatable, robust and fast method of assessing vegetation health over time.

66

This method enables the development of long-term vegetation cover data sets, and is particularly
suited to remote, difficult to access locations, where field work and disturbance must be minimised.
The methods established in this chapter have been used to assess the baseline vegetation cover and
health assessments in Chapter 4. They will also be utilised to assess vegetation cover and health
changes in the Windmill Islands region from 2003 to 2013 in Chapters 5 and 6.
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4 Establishment of a Long-Term Monitoring System
4.1 Introduction
Polar regions are responding to climate change at faster rates than elsewhere, and the uniquely
adapted polar ecosystems, under extreme conditions at the limits of survival, are particularly
vulnerable to these changes (Callaghan et al. 1992, Turner et al. 2009). Long-term monitoring of
these ecosystems is vital to detect biodiversity trends, and to understand how climate change is
affecting polar communities.
The greatest long-term threat to polar ecosystems is anthropogenic climate change, which affects
environmental conditions as well as exacerbating other environmental stressors (Bennett et al.
2015). Terrestrial ecosystems in the polar regions are at high risk, with changes in ice, snow cover
and permafrost affecting habitat quality, ranges, phenology and the productivity of resident species
(IPCC 2014b). Additionally, these ecosystems are particularly vulnerable due to their isolation
(typically “island-like” habitats surrounded by a sea of ice), lack of functional redundancy, delayed
recovery from disturbance and potential attractiveness for resource exploitation (Convey et al. 2014,
Bennett et al. 2015, Lee et al. 2017). Effective management and international cooperation is
essential to ensure the conservation of these polar ecosystems.
In the Arctic, rapid warming in recent decades has caused shorter, milder winters; reduction of
previously permanent water bodies; decreased habitat availability due to sea-ice retreat; and
poleward range shifts of species (Bennett et al. 2015). The Antarctic Peninsula and surrounding
islands also experienced a rapid warming trend to the mid-1990’s, however this has been followed
by a period of subsequent cooling (IPCC 2013, Turner et al. 2014a, Turner et al. 2016). West
Antarctica has exhibited a consistent warming trend since the 1950s, however no clear multi-decadal
temperature trends have been observed in East Antarctica (Turner et al. 2014a, Jones et al. 2016).
Nevertheless, the Southern Hemisphere Annular Mode (SAM) around the continent has changed to
a more positive phase since the late 1970s, as a result of decreased ozone concentrations above
Antarctica (Robinson and Erickson 2015). This has caused a 1–2° latitude poleward migration of
stronger westerly winds, which have been linked to changes in lake biodiversity and decreased moss
growth rates in East Antarctica (Hodgson et al. 2006, Clarke et al. 2012, Robinson and Erickson
2015). A drying trend has also been suggested in the Windmill Islands region of Antarctica, with
healthy moss turfs restricted to rare moist microhabitats in the region (Melick and Seppelt 1997).

68

However, more information is needed to determine how the biodiversity of the Antarctic region is
responding to climate change.
Continental Antarctic vegetation communities are good baseline environments for climate change
research, with relatively little human impact, simple trophic structures and fewer interactions than
more complex ecosystems. In addition, they are expected to be more sensitive to environmental
changes than communities in less severe conditions (Wasley 2004, Brabyn et al. 2006). Due to the
extreme environmental conditions and difficulties gaining access to research locations, there is a
paucity of available biodiversity data across the Antarctic continent, making it difficult to predict the
impacts of climate change in these regions (Bennett et al. 2015). Few studies have assessed how
terrestrial ecosystems in continental Antarctica have responded to observed climate change (IPCC
2014b). Repeat long-term monitoring has been used to assess the population sizes of the only two
native vascular plants in Antarctica, Deschampsia antarctica and Colobanthus quitensis, finding
significant increases in population distribution and abundance in the Argentine Islands between the
mid-1960s and 1990, although these plant populations have since remained relatively stable (Lewis
Smith 1994, Convey 2006, Parnikoza et al. 2009, Cannone et al. 2016, Pecl et al. 2017). Additionally,
increased growth and reproductive success of maritime Antarctic communities has been found in a
number of studies using greenhouse methodologies (such as Open Top Chambers) to assess the
effects of experimental warming (Lewis Smith 1994, Kennedy 1996, Day et al. 1999, Day et al. 2008,
Day et al. 2009, Casanova-Katny et al. 2016, Shortlidge et al. 2016). Conversely, other studies have
shown that experimental warming can cause decline of plant communities due to increased stress
(Tosi et al. 2005, Bokhorst et al. 2007). The impacts of elevated ultraviolet radiation resulting from
ozone depletion have been assessed in continental Antarctic bryophytes, although these studies do
not address resultant changes in species abundance and distribution (Robinson et al. 2003, Rozema
et al. 2005, Boelen et al. 2006, Newsham and Robinson 2009, Snell et al. 2009, Turnbull et al. 2009).
Some studies have assessed Antarctic vegetation as part of the Latitudinal Gradient Project, using a
latitudinal gradient as a surrogate to indicate how climate change may affect biodiversity across the
Antarctic continent (Brabyn et al. 2006, Cannone 2006, Howard-Williams et al. 2006). However,
there are few quantitative field studies of continental Antarctic terrestrial vegetation, three
assessments of vegetation change between years (Brabyn et al. 2006, Johansson and Thor 2008,
Guglielmin et al. 2014), and no repeat long-term monitoring studies with more than two timepoints
have been published (Convey 2006, IPCC 2014b).
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In order to sufficiently understand and appropriately respond to the impacts of climate change on
the Antarctic continent, undisputable evidence of climate change impacts on Antarctic ecosystems
across continental scales needs to be provided to scientists, environmental managers and decisionmakers (Turner et al. 2009, ANTOS Expert Group 2016). Monitoring is vital to address key scientific
questions, such as those identified in the SCAR Antarctic and Southern Ocean Science Horizon Scan
(Kennicutt et al. 2015), to inform evidence-based policy and management in Antarctica (ANTOS
Expert Group 2016). This requires a concerted effort of integration of studies and data across
Antarctica, with international collaborative research efforts to establish the current state and
diversity of Antarctic ecosystems and determine future change in ecosystem structure, functioning
or services (Turner et al. 2009, ANTOS Expert Group 2016). Historically, most biological research on
the Antarctic continent has focussed on a limited number of areas within easy access from research
stations (Turner et al. 2014a). It is rare for replicated biodiversity surveys to be completed, due to
the difficulties associated with remote fieldwork, the isolated and patchy distribution of habitats and
the potential for fieldwork to damage these fragile ecosystems (Turner et al. 2014a).
When designing a long-term monitoring study, a standard methodology must be used from the first
baseline measurements throughout the entire study duration. This can be added to and adapted
over time, but it is difficult to assess long-term change without a consistent sampling methodology.
As with any vegetation, continental Antarctic vegetation monitoring studies require the monitoring
of distribution and abundance in permanent quadrats, reanalysed over several subsequent years to
determine changes in species composition and distribution (Gignac 2001). This makes these types of
studies less popular, due to the extended periods of time required before useful results can be
assessed to detect change, but are nevertheless vital in determining the effects of climate change at
the distribution limits of species and communities (Gignac 2001, Bergstrom 2017). The extremely
slow growth rates of Antarctic cryptogamic vegetation, as well as Antarctic Treaty System principles,
necessitate that any sampling must be as minimally destructive as possible, particularly for a longterm monitoring program where vegetation will be repeatedly reassessed. In order to determine the
effects of climate change on continental Antarctic ecosystems, a baseline needs to be established,
against which future trends can be compared and monitored (Turner et al. 2014a). Epstein et al.
(2004) estimated that for Arctic plant community biomass, including bryophytes, detectable change
above baseline levels could take more than two decades. As Antarctic vegetation is dominated by
slow growing and small stature bryophytes and lichens, the time required to detect change may also
be in the order of decades. A comparison of Antarctic vegetation in Victoria Land between 1962 and
2004 found that extensive vegetation changes do occur within four decades (Brabyn et al. 2006).
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Therefore, any Antarctic vegetation monitoring program needs to span at least two decades (but
preferably longer), with periodic sampling intervals, in order to establish consistent trends in
Antarctic community responses to climate change. Antarctic baseline vegetation distributions have
previously been reported for sites on King George Island (Olech 1994, Kim et al. 2007, Victoria et al.
2009, Kozeretska et al. 2010, Shin et al. 2014), the Antarctic Peninsula (Fretwell et al. 2011), Victoria
Land (Seppelt and Green 1998, Cannone 2005, Adams et al. 2006, Cannone 2006, Seppelt et al.
2010), the Dry Valleys (Cowan et al. 2011), Vestfold Hills (Leishman and Wild 2001), and the
Windmill Islands (Melick and Seppelt 1997, Bölter et al. 2000). However, follow-up to detect change
is less commonly achieved.
As continental Antarctic vegetation species have very slow growth rates, changes are likely to occur
at very fine scales (ie. subtle changes occurring at small spatial scales), thus it may be more effective
in this environment to assess detailed species compositions over small spatial scales, rather than
documenting overall vegetation patterns across larger areas (Wasley 2004). To date, most of the
vegetation studies in the Windmill Islands have examined only broad scale distributions (for example
Lewis Smith 1988, Melick et al. 1994, Melick and Seppelt 1997), with only one study examining finer
details of species distributions, but this work was limited to a single transect (Selkirk and Skotnicki
2007); and another describes species distributions in relation to soil properties (Bölter et al. 2000).
Assessing physiological health of these vegetation communities is also important, and has been
achieved in a minimally destructive way using unmanned aerial vehicles (Malenovský et al. 2015,
Malenovský et al. 2017, see Appendix 9.7.3). Long-term Antarctic vegetation monitoring programs
must, however, assess both vegetation community and individual species distributions in order to
detect changes in vegetation health, extent and species composition in these communities of small,
slow-growing plants.
This chapter presents a repeatable sampling methodology for long-term monitoring of continental
Antarctic vegetation and reports the initial baseline vegetation cover and species composition for
two sites in the Windmill Islands, East Antarctica. To comply with Antarctic Treaty principles,
methods using photography and micro-sampling techniques have been devised to be minimally
destructive to the fragile, unique continental Antarctic ecosystem. In order to ensure that sampling
can be undertaken frequently (at least once every five years), the sampling methodology was
designed to require minimal field time, ensuring that, if necessary, an entire set of samples could be
collected within the period of one station resupply period, which is usually only 5 – 10 days
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(Australian Antarctic Division 2017). This work builds upon a pilot study by Wasley et al. (2012)
conducted in the 1999/2000 Antarctic field season.

4.2 Methods
Two complementary methods of determining vegetation health, distribution and abundance were
developed for use in protected Antarctic terrestrial vegetation communities. Sixty permanent
quadrat locations were established across two sites in the Windmill Islands, East Antarctica (ASPA
135 and Robinson Ridge, see section 2.2) in Jan–Feb 2003. Quadrats were established along an
existing vegetation community gradient, associated with a water gradient at each site. Vegetation
health and cover were estimated using object-based image analysis techniques (see Chapter 3), and
community composition and species abundance were estimated using species identification of field
samples.

4.2.1 Vegetation Cover Image Analysis
In order to monitor Antarctic vegetation using non-destructive techniques, a method was developed
using classification of digital photography to assess vegetation health (see Chapter 3) of continental
Antarctic vegetation monitoring quadrats (see section 2.2). Digital photographs were taken of each
quadrat in each community at Robinson Ridge on 24/01/2003 and at ASPA 135 on 11/02/2003. A
total of 40 quadrat images (from the Bryophyte and Transitional communities) were analysed using
this method. The Lichen community was not analysed digitally for vegetation cover, as macrolichens,
which dominated cover in this community, were not suitable for this analysis method. This was due
to difficulties differentiating between vegetation cover types in this community using only RGB
spectral characteristics, as lichens have a range of different colours, and black, grey and white
lichens are visually very similar to black, grey and white rocks.
The digital photographs were imported into ArcGIS (ESRI, Redlands, USA) for pre-processing. In order
to resize each quadrat image to its correct dimensions, a polygon shapefile was created with 25 x 25
cm square polygons digitised at each quadrat location, using GPS coordinates taken in the field. The
photographs were georeferenced against these polygons, with 2 corners of each quadrat referenced
to the associated corners of the correct quadrat polygon. This was to ensure that each quadrat
image was resized to its correct dimensions without warping the images, taking into account the fact
that some quadrat frames were not quite square, due to wear and tear in the field.
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Preprocessing then occurred as per section 3.2.2, to create geotiffs with a pixel size of 0.0005 x
0.0005 m. As per section 3.2.2, certain classes were manually masked out, however, rather than for
a single mosaic of quadrat photos (Figure 3-3), these masks were created per year (as snow, ice,
water and wind-blown rocks changed each year), each mask file covering all quadrats at both sites
across the Windmill Islands. Classification of vegetation cover categories then occurred as per
section 3.2.3, using semi-automated object-based image analysis. Vegetation cover was assessed for
categories of Healthy moss (green in colour), Stressed moss (red in colour, due to changes in
pigment concentrations), Moribund moss (grey in colour, lacking cell contents), Lichens (comprising
crustose, fruticose and foliose lichen types) and Other (comprising mainly abiotic factors such as
snow, water, rock and shadow).

4.2.2 Species Composition Sampling
In order to determine vegetation community composition, a 20 x 20 cm quadrat with a 5 cm grid was
placed in the middle of each 25 x 25 cm quadrat established in the long-term monitoring system
(Figure 4-1; see section 2.2). Species composition at each of nine grid line intersections was sampled
or scored. Where the intersection point was occupied by bryophytes, a tweezer-pinch microsample,
no more than 5 mm in diameter, was taken, collecting up to 50 gametophytes per pinch. Where
vegetation was absent at the intersection point, it was categorised as bare soil, bare rock or snow
and ice. Where crustose lichens or macrolichens completely covered the intersection point, the
lichen functional group was recorded in situ, and no sample was collected. Where macrolichens
covered bryophytes at an intersection point, the microsample was taken from beneath the lichen,
providing this did not damage the lichen, and the species or genus of the lichen was recorded in situ.
Microsamples were placed in small tubes, returned to the laboratory and air dried for 24 hours, prior
to being stored at -20°C and returned to Australia for analysis. Samples were analysed
microscopically, to species for bryophytes and to functional group for lichens. Presence/absence of
each species and functional group was determined for each sample. This method has been shown to
be as effective and less subjective than quantifying abundance for these types of very small samples,
as had previously used by Wasley et al. (2012), who used an adapted Braun-Blanquet ranking
method of analysis of the pilot survey (King 2009). Presence/absence for each species/group were
summed per quadrat, and converted to percentages, where 100% represented presence in all nine
sample points across a quadrat (Figure 4-1), and 0% represented absence in a quadrat.
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20cm grid

25cm square quadrat

Figure 4-1
Schematic layout of quadrats, showing location of sample points, represented by stars at
intersections of a 5 cm grid within the 25 x 25 cm quadrat.

4.2.3 Statistical Analyses
Baseline vegetation cover and species composition patterns between sites and communities were
assessed using PERMANOVA and SIMPER in the statistics program PRIMER v6 (PRIMER-E Ltd,
Plymouth, UK). Multi-dimensional scaling plots with principle component vectors were produced
using the vegan package in the statistics program R (R Foundation for Statistical Computing, Vienna,
Austria).

4.3 Results
4.3.1 Vegetation Cover
All three vegetation community types (Bryophyte, Transitional and Lichen) occur at both the ASPA
135 and Robinson Ridge (RR) sites, however the Lichen community was too complex for semiautomated image analysis of vegetation cover.
The vegetation cover of sites and communities were significantly different from each other (sites:
Pseudo-F1,36 = 6.09, p = 0.001; communities: Pseudo-F1,36 = 71.51, p = 0.001), but their interaction
term was not significant. The cover of live moss varied between communities, with >90% in the
Bryophyte community, ~50% in the Transitional community, and <5% in the Lichen community at
both sites (Figure 4-2).

74

Figure 4-2
Baseline cover of live moss (NB: this is total Healthy + Stressed moss) for long-term
monitoring using quadrat photography at both ASPA 135 and Robinson Ridge study sites in the Windmill
Islands, East Antarctica. The Bryophyte and Transitional communities were analysed using object-based image
analysis; the Lichen community data were analysed through visual assessment, taken from Ryan-Colton (2007).
Data are means ±SE (n=10).

The Bryophyte communities at both sites were characterised by the dominance of Healthy moss (see
Appendix 9.4.1), covering an average (± standard error) of 84% (±4) of quadrat area at ASPA 135, and
75% (±4) at RR (Figure 4-3a,c). The ASPA 135 and RR Bryophyte quadrats form a cluster in the multidimensional scaling (MDS) plot (Figure 4-4), indicating a similar vegetation composition, the key
differences being 10% less Healthy Moss and 9% more Other abiotic variables at Robinson Ridge
(order based on their decreasing contribution to dissimilarity between samples, Table 4-1a).
As expected, the Bryophyte quadrats formed a separate MDS cluster from the Transitional quadrats
(Figure 4-4), due to approximately half of the Healthy Moss being replaced by Moribund Moss and
Lichens, as the Transitional community is higher up the slope and drier at both sites (see Chapter 2).
The Transitional communities were characterised by the dominance of Moribund Moss and Healthy
Moss (see Appendix 9.4.1), covering an average (± standard error) of 50% (±5) and 30% (±4) at ASPA
135 respectively, with codominance at RR, covering 44% (±4) and 43% (±1) respectively (Figure
4-3b,d). The ASPA 135 Transitional quadrats form a separate cluster to the RR Transitional quadrats
in the MDS plot (Figure 4-4), and are characterised by having 13% less Healthy Moss, 6% more
Moribund Moss, 14% more Stressed Moss and 7% less Other than those at Robinson Ridge (order
based on their decreasing contribution to dissimilarity between samples, Table 4-1b).
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Figure 4-3
Baseline (2003) vegetation cover for long-term monitoring using quadrat photography,
analysed using object-based image analysis. The Bryophyte (a,c) and Transitional (b,d) communities were
assessed at both ASPA 135 (a,b) and Robinson Ridge (c,d) study sites. Data are means ±SE (n=10).

Table 4-1
Baseline (2003) vegetation cover SIMPER dissimilarity between sites (ASPA 135 and Robinson
Ridge), for a) the Bryophyte community, b) the Transitional community.
Group
Group
a)
ASPA 135
Robinson Ridge
Bryophyte
Av.Abund
Av.Abund
Av.Diss Diss/SD Contrib%
Cum.%
Category
(% cover)
(% cover)
Healthy
84
74.48
8
1
38
38
Other

2

11.35

5

1

25

62

Stressed

7

4.61

4

1

20

83

Moribund

6

9.09

3

1

16

99

b)
Transitional
Category
Healthy

Group ASPA 135
Av.Abund
(% cover)
30

Group Robinson Ridge
Av.Abund
(% cover)
43

Av.Diss

Diss/SD

Contrib%

Cum.%

11

1

36

36

Moribund

50

44

8

1

26

6

Stressed

16

2

7

1

24

85

Other

3

10

4

1

12

97

76

Figure 4-4
Baseline (2003) vegetation cover multidimensional scaling (MDS) plot. Closed circles
represent ASPA 135 quadrats, open circles represent Robinson Ridge quadrats. Colours represent
communities; Bryophyte: green, Transitional: blue. Vectors show the influence of individual vegetation
categories.

4.3.2 Species Composition
Discrete vegetation assemblages for the three different community types (Bryophyte, Transitional
and Lichen communities) were formed at both the ASPA 135 and Robinson Ridge sites.
A significant interaction between sites and communities was found for species composition (PseudoF2,54 = 2.30, p = 0.041). Pairwise tests showed that species assemblages were significantly different in
each community at each site (Table 4-2). The species composition was similar at each site in the
Bryophyte and Lichen communities, but different in the Transitional communities (Table 4-2).
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Table 4-2
Results of post-hoc pairwise contrasts of species composition (PERMANOVA) for the three
communities (Bryophyte, Transitional and Lichen) at the two sites (ASPA 135 and Robinson Ridge). NS denotes
non-significant result.
Test
Pair
t
p
2-way PERMANOVA siteXcommunity:
ASPA 135:
Bryophyte v Transitional
7.73
0.001
for pairs of community within site
ASPA 135:
Bryophyte v Lichen
9.09
0.001
ASPA 135:
Transitional v Lichen
4.45
0.001
Robinson Ridge: Bryophyte v Transitional
5.75
0.001
Robinson Ridge: Bryophyte v Lichen
5.39
0.001
Robinson Ridge: Transitional v Lichen
4.24
0.001
2-way PERMANOVA siteXcommunity:
Bryophyte:
ASPA 135 v Robinson Ridge
1.27
NS
for pairs of site within community
Transitional:
ASPA 135 v Robinson Ridge
2.14
0.010
Lichen:
ASPA 135 v Robinson Ridge
0.92
NS

The Bryophyte community at both sites was characterised by the dominance of S. antarctici (see
Appendix 9.4.2), present in an average (± standard error) of 90% (±4) and 80% (±6) of samples at
ASPA 135 and Robinson Ridge, respectively (Figure 4-5a,d). The ASPA 135 and RR Bryophyte
quadrats form a cluster in the multi-dimensional scaling (MDS) plot (Figure 4-6), and had similar
species assemblages. The key species contributing to the differences between sites were the
presence of B. pseudotriquetrum in twice as many samples, S. antarctici in 10% more samples and
crustose lichens in 3% fewer samples at ASPA 135 than at RR (Table 4-3a).
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Figure 4-5
Average baseline (2003) species composition at ASPA 135 (a,b,c) and Robinson Ridge (d,e,f),
for the Bryophyte (a,d), Transitional (b,e) and Lichen (c,f) communities.Bars are means ± SE, n = 10.
Schistidium: S. antarctici; Ceratodon: C. purpureus ; Bryum: B. pseudotriquetrum; Cephaloziella: C. varians;
Moribund: moribund bryophytes; Crustose: crustose lichens; Fruticose: fruticose lichens; Foliose: foliose
lichens.

The Transitional community at both sites was characterised by the codominance of moribund moss
and crustose lichens (see Appendix 9.4.2), present in an average (± standard error) of 70% (±6) and
68% (±7) of samples at ASPA 135, and in 76% (±6) and 76% (±7) of samples at RR, respectively (Figure
4-5b,e). At ASPA 135, C. purpureus was also codominant in this community, present in 71% (±9) of
samples (Figure 4-5b). The ASPA 135 and RR Transitional quadrats form two distinct clusters in the
MDS plot (Figure 4-6), with disparate species assemblages predominantly caused by the presence of
C. purpureus in more than twice as many samples, B. pseudotriquetrum in 10% fewer samples, with
crustose lichens and moribund moss both present in 6% fewer samples at ASPA 135 than at RR
(Table 4-3b).
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Figure 4-6
Baseline (2003) species composition multidimensional scaling (MDS) plot. Closed circles
represent ASPA 135 quadrats, open circles represent Robinson Ridge quadrats. Colours represent
communities; Bryophyte: green, Transitional: blue, Lichen: orange. Vectors show the influence of individual
species / vegetation categories.

The Lichen community at both sites was characterised by the codominance of fruticose and crustose
lichens as well as moribund moss (see Appendix 9.4.2), present in 54% (±4), 50% (±5) and 44% (±6)
of samples at ASPA 135, and in 49% (±6), 44% (±8) and 38% (±9) of samples at RR, respectively
(Figure 4-5c,f). Low percentages of presence of live moss were found in the Lichen communities,
with C. purpureus present in 22% (±6) of samples at ASPA 135 and 10% (±5) at RR;
B. pseudotriquetrum present in 4% (±2) of ASPA 135 samples and 3% (±2) at RR; and S. antarctici
present in 3% (±2) of ASPA 135 samples and 2% (±2) at RR. The Lichen quadrats form a cluster in the
MDS plot (Figure 4-6), with ASPA 135 Lichen samples clustered more tightly than those from RR. The
difference between sites was predominantly due to moribund moss, crustose and fruticose lichens
being present in 6% more samples, and C. purpureus in more than twice as many samples at ASPA
135 than at RR (Table 4-3c).
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Table 4-3
Baseline (2003) species composition SIMPER dissimilarity between sites (ASPA 135 and
Robinson Ridge), for a) the Bryophyte community, b) the Transitional community, c) the Lichen community.
Group
Group
a)
ASPA 135
Robinson Ridge
Bryophyte
Av.Abund
Av.Abund
Av.Diss Diss/SD
Contrib% Cum.%
Category
(% presence)
(% presence)
B. pseudotriquetrum 43
22
11
2
37
38
S. antarctici

90

80

6

1

22

59

Crustose

14

17

5

1

18

77

Moribund

16

17

4

1

15

92

Transitional
Category
C. purpureus

Group
ASPA 135
Av.Abund
(% presence)
71

Group
Robinson Ridge
Av.Abund
(% presence)
29

Av.Diss

Diss/SD

Contrib%

Cum.%

9

2

28

28

B. pseudotriquetrum

40

50

7

2

20

48

Crustose

67

73

5

1

15

63

Moribund

70

76

4

1

12

76

C. varians

21

2

4

1

12

88

S. antarctici

2

19

3

1

11

98

Lichen
Category
Moribund

Group
ASPA 135
Av.Abund
(% presence)
44

Group
Robinson Ridge
Av.Abund
(% presence)
38

Av.Diss

Diss/SD

Contrib%

Cum.%

9

1

26

26

Crustose

50

44

8

1

22

48

C. purpureus

22

10

6

1

16

64

Fruticose

53

47

5

1

16

80

Foliose

1

8

3

1

8

88

B. pseudotriquetrum

4

3

2

1

5

93

b)

c)
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4.4 Discussion
A long-term monitoring system was set up at two sites in the Windmill Islands, East Antarctica, in the
2003 Antarctic summer season. Baseline monitoring shows that vegetation cover and species
composition were broadly similar at both study sites (ASPA 135 and Robinson Ridge), but there were
large differences between the three vegetation community types (Bryophyte, Transitional and
Lichen). As might be expected, the communities at opposite ends of the transects (Bryophyte and
Lichen) were more similar between sites than the intermediate (Transitional) community, due to the
water availability differences between the sites (see Chapter 2). Baseline vegetation cover and
species composition were designed to be complementary methodologies. Vegetation cover gives an
estimate of relative estimate of live and moribund vegetation abundance, as well as assessing how
healthy or stressed the moss turf is, based on colour changes related to varying concentrations of
photosynthetic and protective pigments. Species composition gives estimates of the relative
abundance of each species within the area of live moss turf, the abundance of different functional
types of lichens, and an estimate of the abundance of moribund moss at a fine scale.
As both sites were located within the Windmill Islands region, within the East Antarctica Antarctic
Conservation Biogeographic Region (ACBR; see section 1.1.2), both sites had similar community
types. Although the topography and water availability differed between sites, their vegetation
communities were quite similar, with just one fewer species of lichen present at Robinson Ridge (see
Chapter 2; Melick et al. 1994). As expected, the three community types had significantly different
vegetation cover and species compositions, influenced by gradients in water and nutrient availability
(Wasley et al. 2012). At both sites, the cover of live moss turf was more than 80% in the Bryophyte
community, reducing to less than 50% in the Transitional community (Figure 4-2) and less than 5% in
the Lichen community (Lichen community percent cover using grid estimates from Ryan-Colton
2007). All three moss species, S. antarctici, C. purpureus, and B. pseudotriquetrum, were present in
all three community types at both sites, and the liverwort, C. varians was present in the Transitional
and Lichen communities but not the Bryophyte community (Figure 4-3).
The Bryophyte communities at both ASPA 135 and Robinson Ridge (RR) were found to have high
abundance of healthy moss, were dominated by S. antarctici and had very low presence of
C. purpureus (<5%), while having high relative moisture content (>10 gH2O gdwt-1, Figure 2-12, see
section 2.4.1). Previous studies in this area of ASPA 135 have found similar results, characterising the
area as having high moisture content, dominated by S. antarctici but with no recorded presence of
C. purpureus (Selkirk and Seppelt 1987, Lewis Smith 1988, Wasley et al. 2006b, Wasley et al. 2012).
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The absence of C. purpureus in these studies, however, does not necessarily indicate complete
absence from the Bryophyte community, as this species may have been present in low enough
abundance to remain undetected within this community (Ashcroft et al. 2017, see Appendix 9.7.2).
In contrast to the pilot study performed in the Bryophyte community at these sites in 2000, which
reported only trace levels of B. pseudotriquetrum (Wasley et al. 2012), I found a relatively high
abundance of B. pseudotriquetrum in 2003, particularly at ASPA 135 (43% at ASPA 135, 22% at RR)
(Figure 4-3). This apparent increase in B. pseudotriquetrum is likely due to rapid growth between
2000 and 2003, as this species has the highest growth rate (Table 2-2) and flourishes under good
conditions, growing through and over surrounding turf (Bramley-Alves et al. 2015). The low
tolerance of desiccation of S. antarctici, in addition to the low tolerance of submergence of
C. purpureus (Table 2-2), suggests that the Bryophyte community at both sites was frequently
inundated with meltwater throughout the summer for at least 20 years preceding the 2003 baseline
sampling (S. Robinson, pers. comm. 2017). This inundation is also supported by δ13C values for
mosses from these sites, which are least negative in the Bryophyte community, indicating more
frequent submergence of this community (Figure 2-13, see section 2.4.1; Wasley et al. 2012,
Bramley-Alves et al. 2015).
The Transitional communities at both sites had an approximately equal ratio of live moss (Healthy or
Stressed) to Moribund moss at both sites, representing a large decrease in Healthy moss and
increase in Moribund moss compared to the Bryophyte community. This was associated with
moderate community water contents in the Transitional community, approximately half that of the
Bryophyte community (3 gH2O gdwt-1 at ASPA 135 and 6 gH2O gdwt-1 at RR, Figure 2-12, see section
2.4.1). The transitional communities had much lower abundance of S. antarctici (<5% at ASPA 135
and ~20% at RR) and much higher abundance of C. purpureus (~70% at ASPA 135 and ~30% at RR)
than the Bryophyte communities. The Transitional communities were dominated by moribund moss
and crustose lichens, and had moderate presence of B. pseudotriquetrum (40% at ASPA 135 and 50%
at RR), with C. purpureus being the dominant moss at ASPA 135 and B. pseudotriquetrum being the
dominant moss at Robinson Ridge. The lower abundance of desiccation tolerant C. purpureus, and
the higher abundance of desiccation intolerant S. antarctici, suggest that Robinson Ridge Transitional
quadrats had access to more water overall than those at ASPA 135 (further supported by spot water
content measurements, see Appendix 9.2). This is likely due to the different site topographies, with
several ephemeral meltwater streams running the length of the site at Robinson Ridge, whereas at
ASPA 135 water tends to pool in a basin with only one major meltwater stream (Figure 2-14, Figure
2-15, see section 2.4.1). The shift from the S. antarctici dominated Bryophyte community to a
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Transitional community characterised by C. purpureus and B. pseudotriquetrum suggests that the
Transitional community at both sites was subject to higher desiccation stress, less inundation of
meltwater and fewer submergence events than the Bryophyte community (Table 2-2). Both the
Transitional and Lichen communities in this study are in different locations to those in the previous
pilot study in 2000 (Wasley et al. 2012), with the transects extending further up the slope at both
sites and encompassing different vegetation assemblages.
The Lichen communities at both sites were too difficult to analyse using object-based image analysis,
thus standard grid-based visual percent cover estimates are recommended for future assessment of
cover in this vegetation community, although we are currently exploring machine-learning
techniques for use in this community. Mean vegetation cover in these quadrats in the baseline year
were previously found to be <5% live moss and >40% moribund moss using grid estimates of percent
cover at ASPA 135 and Robinson Ridge (Ryan-Colton 2007). The Lichen communities were
characterised by extremely low community water content (<0.5 gH2O gdwt-1, Figure 2-12, see section
2.4.1), codominance of crustose and fruticose lichens and moribund moss, with low presence of live
moss (C. purpureus: ~20% at ASPA 135 and 10% at RR; B. pseudotriquetrum and S. antarctici <5% at
both sites). The shift from the moss-dominated Bryophyte and Transitional communities, to this
lichen-dominated community suggests that the desiccation stress in the Lichen community is too
high for survival of mosses except where they are in protected microhabitats, such as the troughs
between cryoturbation ridges within the moribund moss turf (Kappen et al. 1989, Robinson et al.
2005), or close to rocks that offer more protection.
Vegetation cover and species composition yielded complementary results. As healthy moss cover
declined from the Bryophyte to the Transitional community, the presence of S. antarctici also
declined. Schistidium antarctici is found in similar very low levels in both the ASPA 135 Transitional
and Lichen communities, in comparison to the high levels in the Bryophyte community at this site.
This is in contrast to the more gradual decline in S. antarctici at Robinson Ridge, from high levels in
the Bryophyte community, to moderate in the Transitional community and very low levels (similar to
those at ASPA 135) in the Lichen community. The cover of Moribund moss increased from the
Bryophyte to the Transitional community, and this was associated with increasing presence of
C. purpureus, moribund moss and crustose lichens. The Lichen community had similar cover of
Moribund moss to the Transitional community (Lichen community percent cover using grid
estimates from Ryan-Colton 2007), however the total cover of bryophytes (both live and moribund),
was much lower in the Lichen community (<50%) compared to the Transitional community (>85%).
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This was associated with a decline in the presence of B. pseudotriquetrum, C. purpureus, moribund
moss and crustose lichens and an increase in the presence of fruticose lichens from the Transitional
to the Lichen community. These changes are likely related to the decrease in water availability from
the Bryophyte to the Lichen communities (see section 2.4.1), as water availability is the main factor
driving species distributions at these sites (Wasley et al. 2012). In the Lichen community, much of
the old moss community is completely encrusted with lichens and micro-sampling can be difficult
(Table 4-4). Micro-sampling can also be difficult in cold seasons, when vegetation is completely
frozen, as the samples that can be taken are scraped from the top layer of ice/snow, thus only taking
the very tips of moss shoots. This can lead to potential bias towards B. pseudotriquetrum presence,
as this species tends to grow up through the turf of the two other species.

Table 4-4
Number of samples missed when sampling three vegetation community types (Bryophyte,
Transitional and Lichen) at two study sites in the Windmill Islands (ASPA 135 and Robinson Ridge). The
numbers of samples are presented as percentage ranges from the minimum number of samples missed in a
season to the maximum number of samples missed in a season. Note that samples are not taken when no
vegetation is present at the sampling point (ie. it is rock/gravel/bare soil), or when there is snow/ice at the
sampling point preventing a sample from being taken.
Site
Community
# samples missed (range observed throughout a decade of sampling)
ASPA 135
Bryophyte
None
Transitional
None usually, but up to 20% when site is frozen
Lichen
5–13%
Robinson Ridge Bryophyte
2–7%
Transitional
2–9%
Lichen
7–22%

These two complementary methodologies enable monitoring of continental Antarctic vegetation
with minimal disturbance to the ecosystem. Small 25 x 25 cm quadrats, replicated within each
community, are necessary to assess vegetation cover and species distributions in these communities
which comprise vegetation with as many as 500 individuals per square centimetre (Wasley 2004,
Lucieer et al. 2010). The small quadrats are able to fit between the large boulders at the study sites,
allowing quadrat placement in areas where there are rocks in high enough densities to walk on,
ensuring no trampling of the fragile vegetation. To prevent disturbance and damage to the
vegetation, quadrats cannot be permanently affixed, thus the quadrat locations are permanently
indicated by markers on adjacent rocks, with maps, GPS locations and photographs indicating
specific quadrat placement to facilitate replacement of the quadrats in subsequent years. The use of
digital photography of each quadrat allows the development of a long-term record of vegetation
cover, as these photographs can be easily stored and could facilitate future reanalyses using
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improved technologies. Similarly, taking samples for identification of individual species allows a longterm record of species composition to be developed, storing the samples for potential future
reanalysis.
These methodologies may be useful for the Antarctic Near-shore and Terrestrial Observing System
(ANTOS) expert group to the Scientific Committee on Antarctic Research (SCAR) to monitor
vegetation across the Antarctic continent (ANTOS Expert Group 2016). ANTOS was formed in 2014,
aiming to establish a continent-wide monitoring system for biota and their environments (ANTOS
Expert Group 2016). ANTOS monitoring will track both biotic and abiotic variables at biologically
relevant scales, in order to determine how Antarctic terrestrial and near-shore ecosystems are
responding to climate change (ANTOS Expert Group 2016). My recommendations for how to
incorporate these methodologies into the existing ANTOS protocol are discussed in Chapter 7,
section 7.2.
When developing methodologies for use in Antarctica, it is particularly important to envisage any
potential issues that may disrupt the sampling for long-term monitoring systems. Logistics issues
could be a potential problem preventing sampling at the required intervals for the entire long-term
monitoring period. The sampling methodologies developed for this long-term monitoring system
were designed for completion within the short period required for the resupply of Casey station. The
station resupply only goes ahead in good weather, and usually takes between five and ten days. The
field methodologies in this study require two researchers to work for one day in good weather at
each site (two days in the field in total, Table 4-5), followed by two days of sample desiccation
before return to the university, to complete sample processing and analysis in the laboratory.
Minimising field time to this short period ensures that two researchers should be able to complete
the entire sampling methodology within the round trip of the resupply ship and then complete the
processing and analyses upon return to Australia. This should ensure that Windmill Islands
vegetation sampling will be completed at all required five-year intervals for the 25 year period of the
long-term monitoring system, even if limited field time is available due to issues with logistics. This
is, of course, subject to monitoring being considered a priority by the Australian Government, and
berths to Antarctica being made available for research teams.
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Table 4-5
Approximate timeframes required to complete field and lab work per season of long-term
monitoring. Traditional field technique timeframes as estimated by J. Turnbull (pers. comm. 2017).
Comparative time
Minimum required
Number of
Task
Location
required using traditional
time to complete
researchers
field techniques
Field sampling
1 day per site (must be
3 days per site (must be
Quadrat photography and
Antarctica
Minimum 2
good weather days)
good weather days)
Tweezer-pinch sampling
Sample desiccation
Antarctica
2 days
1
2 days
Photograph classification
University
Bryophyte and Transitional
2 weeks
1
n/a
laboratory
communities only
University
Species identification
3 months
1
3 months
laboratory
University
Data analysis
1 month
1
1 month
laboratory

Future monitoring of these Windmill Islands vegetation assemblages will allow the assessment of
changes in distribution, abundance and composition of these communities. As the community
gradient is determined by water availability, if this changes then future changes in vegetation are
likely to occur. As suggested by Wasley et al. (2012), if current drying trends in the region continue,
further species composition changes will likely occur, as the submergence intolerant C. purpureus
may move in to habitats currently too wet for survival, and conversely, the desiccation intolerant
endemic S. antarctici may lose its current dominance of the Bryophyte community. Increased drying
will likely cause the Bryophyte community to contract to those microhabitats with the most available
water throughout the summer season, the Transitional community may become more moribund,
and the currently small percentage of live bryophytes in the Lichen community may become
completely moribund and lichen-encrusted. Further management of these important vegetation
communities may be necessary for conservation of the species and this unique ecosystem in the
future.
Long term vegetation changes are assessed in Chapter 5 across the decade of monitoring between
the baseline (2003) in this chapter and the latest monitoring period in 2013. Chapter 6 includes the
2000 pilot study to expand the change assessment across a 13 year period (2000–2013) in the
Bryophyte community, and explores potential environmental drivers of change.
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5 Long-Term Vegetation Change
5.1 Introduction
Antarctica is the last true wilderness on Earth, a remote frozen desert, with limited direct human
influences. A continent that is fundamental to global processes, Antarctica is a unique natural
laboratory for studying ecological processes in relatively simple communities (Robinson et al. 2003,
Huiskes et al. 2006, Jones et al. 2016). Antarctic ecosystems are expected to be more sensitive to
environmental changes than communities in less extreme habitats and have a simple vegetation
community structure, and are thus thought to be particularly good baseline environments for
climate change research (Kennedy 1995, Robinson et al. 2003, Huiskes et al. 2006, Clarke et al. 2007,
Turner et al. 2009, Grant et al. 2012, Convey et al. 2014).
Although Antarctica is almost twice the size of the Arctic (12 million km2 vs. 7 million km2,
respectively), only 0.18% (22 thousand km2) of the Antarctic continent is ice-free habitat for
terrestrial organisms (cf. 5 million km2, or 71%, of the Arctic) (Walker et al. 2005, Hull and Bergstrom
2006, Burton-Johnson et al. 2016, Hughes et al. 2016). Unlike in the Arctic, Antarctic ice-free areas
are a series of small “habitat islands” that are often isolated and surrounded by ice or sea (Frenot et
al. 2005, Lee et al. 2017). Most flora and fauna are further restricted to the comparatively mild
coastal oases, comprising only 0.05% (6000 km2) of the continent (Longton 1985, Hull and Bergstrom
2006, Hughes et al. 2016). Thus, although distributions of Arctic plant species and communities have
shifted poleward in response to climate change (IPCC 2014b, Bennett et al. 2015), the isolated and
patchy distribution of habitable environments in the Antarctic reduces the opportunity for such
community shifts on the continent (Bölter and Müller 2016). It is predicted that a warming climate
will cause melting of Antarctic ice sheets to expose between 2,100 and 17,267 km2 of new ice-free
area across the continent by the end of this century (Lee et al. 2017). Habitat expansion may also
facilitate the colonisation and spread of invasive species (Lee et al. 2017). How Antarctic terrestrial
communities will cope with a changing climate, when already pushed to the physiological and
geographical limits of their distributions, remains largely unknown.
As the Antarctic Peninsula is the Antarctic region with the longest instrumental record, with
comparatively mild environmental conditions, most is known about climatic changes in this region.
Strong surface air warming trends have been observed over the Antarctic Peninsula and West
Antarctica since the early 1950s (Turner et al. 2014a, Jones et al. 2016). Climate change may be
occurring in these areas at faster rates than anywhere on Earth (eg. +0.54°C per decade at
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Faraday/Vernadsky Station from 1951-2011), although this has slowed markedly on the Antarctic
Peninsula over the past 10-15 years (Turner et al. 2014a, Jones et al. 2016). Numerous studies have
found increases in the population sizes of the only two vascular plant species found on the Antarctic
Peninsula, Deschampsia antarctica and Colobanthus quitensis. Early monitoring of these two species
in the Argentine and Signy Islands showed five-fold population increases of C. quitensis and 25-fold
increases of D. antarctica from the mid-1960s to the early 1990s (Fowbert and Lewis Smith 1994).
These population increases were likely due to climate amelioration, increased seed production and
more frequent reproductive success (Day et al. 1999, Convey 2001, Convey and Smith 2006). Further
monitoring of these populations in 2007 and 2008 found that the increasing trend had not
continued, likely associated with the plateauing of climate warming in the Antarctic Peninsula region
(Parnikoza et al. 2009). The increased populations of these two species did not include any
polewards expansion of their ranges, as there is a lack of suitable ice-free habitat south of the
current range extent (Convey and Smith 2006). Similar rapid population and growth rate increases
have been recorded for bryophytes and microbiota on the Antarctic Peninsula (Convey and Smith
2006, Royles et al. 2013, Amesbury et al. 2017). Greenhouse experiments in this region, utilising
chambers or screens (such as Open Top Chambers or OTCs, commonly used in the maritime
Antarctic) to change localised thermal and radiation climates, have also resulted in better plant
growth and reproductive success in response to climate amelioration (Convey and Smith 2006,
Casanova-Katny et al. 2016, Shortlidge et al. 2016).
Conversely, there is little evidence of warming in East Antarctica, with a lack of data due to
meteorological records being measured from a small number of sparsely spaced climate-monitoring
stations, few of which have sufficient data to determine long-term trends (Nicolas and Bromwich
2014, Jones et al. 2016). The few long-term meteorological records from East Antarctic stations
actually show cooling trends (Steig et al. 2009). Climate studies in the region have shown that
changes to the Southern Hemisphere Annular Mode (SAM), primarily driven by the Antarctic ozone
hole, have caused stronger circumpolar westerly winds, which have migrated poleward by 1-2° of
latitude since the late 1970s (Turner et al. 2014a, Robinson and Erickson 2015, Jones et al. 2016).
There is also little evidence of recent changes in Antarctic communities in East Antarctica, due in part
to difficulties in gaining access to research locations on the continent, and difficulties conducting
studies under its extreme environment, limiting the number of terrestrial ecosystem projects (Turner
et al. 2014a, Jones et al. 2016). The changed wind patterns associated with the SAM have been
linked with decreased plant growth rates (Clarke et al. 2012) and changes in lake biodiversity
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(Hodgson et al. 2006) in East Antarctica, however, a greater number of long term terrestrial
ecosystem studies are still needed.
Global climate change is likely to increase precipitation, increase the frequency and intensity of
freeze-thaw events and increase season length in Antarctica, affecting water availability for Antarctic
terrestrial ecosystems (Clarke et al. 2012, Turner et al. 2014a, IPCC 2014b, Bölter and Müller 2016).
Increased temperatures and precipitation will increase snow melt, which could lead to coalescence
and expansion of current ice-free “habitat islands” (Lee et al. 2017). These new habitats may or may
not be suitable for Antarctic flora and fauna, depending on the availability of vital water and
nutrients. Increased snow melt would likely increase biologically available water for vegetation
growth, although it may occur too early in the summer season and/or too quickly, leading to
exhaustion of snow banks early in the season (Adamson and Adamson 1992, Convey 2006).
Increased ice-free patch size will also increase the distance to the nearest snow bank, particularly for
floral and faunal communities situated near the centre of a patch. The loss of this source of water,
exacerbated by increased wind and temperature causing high rates of evaporation, could lead to
local drought and associated effects in Antarctic terrestrial ecosystems (Adamson and Adamson
1992, Convey 2006, Turner et al. 2014a). Existing moribund and lichen-encrusted vegetation patterns
in the Windmill Islands, East Antarctica suggest that this region is currently undergoing a period of
long-term drying, with contraction of bryophyte communities to areas with reliable moisture supply
(Melick and Seppelt 1997).
Continental Antarctic ecosystem responses to climate change are still somewhat uncertain, due to a
paucity of available biodiversity data across the continent. The development of integrated
monitoring networks and improved collation of long-term data sets was recommended in the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC; Anisimov et al. 2007).
The establishment of adequate monitoring programmes to understand Antarctic species responses
to climate change was also recommended by the Antarctic Treaty Meeting of Experts
(Recommendation 27; ATCM XXXIII 2010). The Committee for Environment Protection agreed to
establish a monitoring network of sites across Antarctica, and recognised the value of consistent
monitoring methods to understand climate change impacts on Antarctic species (CEP Agenda Item 9;
ATCM XXXV 2012). This monitoring network will be established by the Antarctic Near-shore and
Terrestrial Observing System (ANTOS) Expert Group, which aims to use consistent methodologies to
identify change in the environment at biologically relevant scales across Antarctica (ANTOS Expert
Group 2016). Monitoring of changes in Antarctic floral and faunal communities is vital to determine
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appropriate management and policy responses. However, few studies have assessed how
biodiversity is changing across the Antarctic continent. Antarctic vegetation was included as part of
the Latitudinal Gradient Project, using changes across latitudes as a predictor of potential responses
to climate change (Brabyn et al. 2006, Cannone 2006, Howard-Williams et al. 2006). Vegetation
distributions have been reported for a number of studies at sites across the continent, which will be
useful for vegetation change monitoring research in the future (Melick and Seppelt 1997, Seppelt
and Green 1998, Bölter et al. 2000, Leishman and Wild 2001, Cannone 2005, Adams et al. 2006,
Cannone 2006, Seppelt et al. 2010, Cowan et al. 2011, Wasley et al. 2012). Quantitative biodiversity
change studies are lacking on the Antarctic continent, however, with only three studies to date
examining quantitative vegetation change. One study found considerable increase of moss and algae
cover in Victoria Land between 1962 and 2004, likely due to increased water supply, as well as some
change in lichen distributions (Brabyn et al. 2006). Another study found a slight increase in lichen
density and abundance between 1992 and 2002 in Dronning Maud Land (Johansson and Thor 2008).
The third study found a decrease in the cover of moss and cyanobacteria and an increase in lichen
cover between 2002 and 2013 in Victoria Land (Guglielmin et al. 2014). All three of these studies
surveyed the change in vegetation between two time points, and to date no repeat long-term
monitoring studies have ever been published for the Antarctic continent.
In order to monitor recent vegetation changes in the Windmill Islands region, which is currently
undergoing a period of long-term drying (Melick and Seppelt 1997), a long-term monitoring system
was established. Initial pilot study results were previously published by Wasley et al. (2012), and the
baseline results were presented in Chapter 4 of this thesis. This chapter presents the results from the
first decade (2003-2013) of repeat long-term vegetation monitoring at two sites in the Windmill
Islands, East Antarctica. Vegetation cover, health and species composition were assessed at four
time points, along a series of transects spanning a community gradient from pure bryophyte stands
in the wettest areas, to drier lichen-dominated communities higher up the slopes. This long-term
monitoring system informs Australian State of the Environment Indicator 72, regarding terrestrial
Antarctic vegetation (AADC 2017). These results will help to inform policy and management of
vegetation in the Australian Antarctic Territory.

5.2 Methods
Sixty permanent quadrat locations were established in 2003 across two sites in the Windmill Islands,
East Antarctica (ASPA 135 and Robinson Ridge (RR), see section 2.2), with subsequent monitoring in
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the 2008, 2011, 2012 and 2013 field seasons. Vegetation health and cover were estimated using
object-based image analysis techniques (see sections 4.2 and 3.2), and community composition and
species abundance were estimated using species identification of field samples (see section 4.2 for
full methods). The three community types, found along an existing water gradient, were similar
between the two sites, and each community had distinct vegetation cover and assemblages, in the
baseline year (Chapter 4).

5.2.1 Vegetation Cover Image Analysis
Semi-automatic classification of digital photography was used to assess vegetation health of
continental Antarctic vegetation monitoring quadrats (as described in sections 4.2 and 3.2). Digital
photographs were acquired in the field in the 2003, 2008, 2011, 2012 and 2013 Antarctic field
seasons (Table 5-1), however, due to poor weather conditions and late arrival in the field in 2011,
the photographs from this field season contained too much snow to be useful in vegetation health
assessments, thus this season was not analysed at the broad scale. As explained in Chapter 3, the
Lichen community could not be analysed for digital vegetation cover. A total of 158 quadrat images
from the Bryophyte and Transitional communities at both sites were acquired over the four field
seasons. In the 2013 field season, two quadrats were covered with snow, namely ASPA 135
Transitional quadrat 8 and Robinson Ridge Bryophyte quadrat 10, and could not be used for
vegetation classification.
Image analysis occurred as in section 4.2.1, including georeferencing, preprocessing, and semiautomated object-based image analysis for classification of vegetation health. A small number of
quadrats had unforeseen classification issues, such as areas of wet moss which were not
immediately apparent in the preprocessing stage. Following manual correction, the output was
saved, and a note made that this quadrat had been manually corrected. This process was required
for 8 quadrats out of the entire set of 158 quadrats classified from the four field seasons.
In order to more clearly determine temporal trends in vegetation health, the area of moss turf was
isolated from lichens and other abiotic categories. The relative vegetation cover of Healthy, Stressed
and Moribund moss was then calculated (to sum to a total of 100%). Live moss was also calculated
by summing the relative area of Healthy and Stressed moss.
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Table 5-1
Field dates and digital camera specifications for each field season, for Windmill Islands
fieldwork from 2003 to 2013.
Image Resolution
Season
Field dates
Camera
(pixels)
2003
Robinson Ridge: 24/01/2003
Olympus C3000Z
2048 x 1536
ASPA 135: 11/02/2003
2008
Robinson Ridge: 14/01/2008
Olympus µ795SW
3072 x 2304
ASPA 135: 15/01/2008
2011
Robinson Ridge: 24/02/2011
Sony DSC-HX5V
3648 x 2736
ASPA 135: 21 & 26/02/2011
2012
Robinson Ridge: 14/01/2012
Sony DSC-HX9V
4608 x 3456
ASPA 135: 20/01/2012
2013
Robinson Ridge: 16 & 17/01/2013
Sony DSC-HX9V
4608 x 3456
ASPA 135: 18 & 27/01/2013 & 04/02/2013

5.2.2 Species Composition Sampling
Species composition sampling was performed as per section 4.2.2 in 2003, 2008, 2011, 2012 and
2013 (Table 5-1). In the case of snow covering the quadrat, while it was not possible to completely
remove the snow to allow photography of the quadrat (see section 5.2.1); it was often possible to
remove enough snow to be able to take microsamples at each of the grid intersections. ASPA
Transitional quadrats 1 and 3 were, however, impossible to sample in 2011 due to thick snow cover,
and, due to time constraints, the Lichen community was not sampled in this year. Although there
was missing data for vegetation cover in 2013, there was no missing data for species composition in
this year as all samples were able to be taken from underneath the snow.

5.2.3 Statistical Analyses
Vegetation cover change over time was analysed using a one-way repeated measures ANOVA in IBM
SPSS v21 (IBM Corp., Armonk, NY, USA) for each vegetation cover category. Missing data were
replaced by values calculated as in Appendix 9.5.1. Outliers were assessed by boxplot, and were
adjusted to meet the assumptions of the ANOVA where required (as in Appendix 9.5.2), where
results were the same using raw data or data with outliers replaced, raw data results were reported.
Normality was assessed using the Shapiro-Wilk test. Mauchly’s test of sphericity was assessed, and
where violated, epsilon (ε) was calculated according to Greenhouse and Geisser (1959) and used to
correct the one-way repeated measures ANOVA. Post hoc analysis was conducted with an
appropriate Bonferroni adjustment.
Species composition change over time was analysed using a Bayesian model of species relative
abundance (as in Chapter 6, with similar methods to those in Ashcroft et al. (2017, see Appendix
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9.7.2)). The relative abundance of each species in each quadrat and each year was modelled in the
statistics program R, using the R2OpenBUGS Bayesian modelling package. The average relative
abundance of each species in each year had uniform prior distributions, but were constrained to sum
to a total abundance of 100%. The results from a quadrat were modelled using a binomial
distribution with probability Py,s,q (y = year, s = species, and q = quadrat) and number of samples (n) =
9, as there were 9 microsamples taken per quadrat. Probabilities were allowed to vary according to
year, species and quadrat, but were assumed to be non-linearly related to the cover of the
respective species. The expected mean and 95% credible intervals for the relative abundance, given
the observed samples, were estimated using Markov Chain Monte Carlo iteration in the Bayesian
model.
In all cases, baseline refers to the equivalent data measured in 2003 and reported in Chapter 4.
Vegetation cover and species composition results in the Bryophyte community are also further
assessed in Chapter 6, using additional pilot data from 2000 (Wasley et al. 2012) and exploring
potential environmental drivers of change.

5.3 Results
5.3.1 Vegetation Cover
Vegetation health in both communities at both sites experienced a general decline in 2008, followed
by recovery in 2013 (Figure 5-1). Healthy moss cover declined significantly in 2008 to less than half of
the 2003 cover at both sites in both communities (Figure 5-1, Table 5-2). This decline in Healthy moss
was associated with an equivalent significant increase in Stressed moss cover from 2003 to 2008, in
both communities at each site (Figure 5-1, Table 5-2), although the relative cover of live moss
remained stable at around 90% in the Bryophyte communities and around 50% in the Transitional
communities (Figure 5-2). The amount of subsequent recovery differed between sites, with ASPA
135 quadrats having completely recovered to 2003 baseline levels of health in 2013, maintaining
stable live moss cover; whereas Robinson Ridge quadrats recovered to less than two thirds of 2003
baseline levels by 2013, and relative live moss cover declined by approximately 10% in both
communities by 2013 (Figure 5-2).
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Figure 5-1
Vegetation cover over a decade (2003-2013) of monitoring using quadrat photography,
analysed using object-based image analysis. The Bryophyte (a,c) and Transitional (b,d) communities were
assessed at both ASPA 135 (a,b) and Robinson Ridge (c,d) study sites. Data are means ±SE (n=10). Letters
denote significant differences within vegetation categories only.

The decline in Healthy moss in 2008 was most extreme in the ASPA 135 Bryophyte community,
which reduced from 84% to 26% cover (Figure 5-1a). This was associated with an increase in Stressed
moss from 7% to to 64% (Figure 5-1a). However, Healthy moss cover significantly increased to 85%,
and Stressed moss decreased to 3% from 2008 to 2013 at ASPA 135 (Figure 5-1a, Table 5-2). Relative
live moss cover declined from 94% to 90% at ASPA 135 throughout the decade of monitoring (Figure
5-2a). This was associated with a 4% increase in Moribund moss (Figure 5-1a). In the Robinson Ridge
Bryophyte community, Healthy moss also declined to 30% between 2003 and 2008 but did not show
much subsequent recovery (Figure 5-1c). In 2013 Healthy moss at RR was still significantly reduced at
41% cover, while Stressed moss remained significantly higher, up from 5% to 33% (Figure 5-1c, Table
5-2). Relative live moss cover declined from 90% to 81% throughout the decade of monitoring
(2003–2013) at Robinson Ridge (Figure 5-2c). This was associated with a non-significant 5% increase
in Moribund moss (Figure 5-1c, Table 5-2).
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Figure 5-2
Trends in relative moss health cover over a decade (2003-2013) of monitoring vegetation
health at two sites in the Windmill Islands, ASPA 135 (a, b) and Robinson Ridge (c, d); by community type:
Bryophyte (a, c) and Transitional (b, d). Data are mean relative cover of the moss turf area per quadrat ±SE
(n=10). Live moss is the sum of Healthy and Stressed moss. Please note that areas of the quadrat covered by
lichens and other abiotic categories are not included here.
Table 5-2
Vegetation cover one-way repeated Measures ANOVA results. Statistics are within categories
only, for each vegetation community at each study site. Where Mauchly’s test of sphericity was violated, ε
(calculated according to Greenhouse and Geisser (1959)) was used to correct the ANOVA. NS denotes nonsignificant result. * denotes non-significant post hoc results.
Site
Community
Category
ε
F
P
ASPA 135
Bryophyte
Healthy
0.519
F(1.6,14.0) = 43.43
<0.0001
Stressed
0.482
F(1.4,13.0) = 53.48
<0.0001
Moribund
–
F(3,27) = 4.77
0.009
Lichens
0.659
F(2.0,17.8) = 4.00
0.04
Other
0.410
F(1.2,11.1) = 3.67
NS
Transitional
Healthy
–
F(3,27) = 12.86
0.0001
Stressed
–
F(3,27) = 26.77
<0.0001
Moribund
–
F(3,27) = 1.03
NS
Lichens
0.425
F(1.3,11.5) = 5.55
0.03*
Other
0.409
F(1.2,11.1) = 0.77
NS
Robinson Ridge
Bryophyte
Healthy
–
F(3,27) = 59.32
<0.0001
Stressed
–
F(3,27) = 29.03
0.0002
Moribund
0.477
F(1.4,12.9) = 4.61
0.04
Lichens
0.383
F(1.1,10.3) = 1.71
NS
Other
–
F(3,27) = 1.81
NS
Transitional
Healthy
–
F(3,27) = 42.27
<0.0001
Stressed
0.463
F(1.4,12.5) = 20.5
0.0003
Moribund
–
F(3,27) = 19.33
<0.0001
Lichens
0.385
F(1.2,10.4) = 3.42
NS
Other
–
F(3,27) = 2.57
NS
Please note: ASPA 135 Bryophyte community Lichens are significantly different between 2003 and 2008, however cover is
<0.05% in all years, thus no statistical significances were included in Figure 5-1.
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The Transitional communities exhibited similar trends to the Bryophyte communities at the
respective sites. Healthy moss declined between 2003 and 2008, from 30% to 14% at ASPA 135, and
from 43% to 18% at Robinson Ridge, with corresponding increases in Stressed moss (Figure 5-1b,d).
However, the recovery was slower than in the Bryophyte communities, with Healthy moss cover in
the Transitional communities staying low or decreasing to 13% at ASPA 135 and 10% at RR, before
significantly increasing to 31% at ASPA 135 and 26% at RR, between 2012 and 2013 (Figure 5-1b,d,
Table 5-2). Stressed moss showed the opposite trend increasing between 2003 and 2008 and
decreasing between 2012 and 2013. At ASPA 135 Healthy and Stressed moss returned to 2003
proportions, 31 and 17% respectively with Moribund staying constant at ~50% (Figure 5-1b, Table
5-2). At RR Healthy cover remained lower in 2013, down from 43% in 2003 to 26% (Figure 5-1d).
Relative live moss remained fairly constant around 50% at ASPA 135, but declined from 50% to 32%
at Robinson Ridge throughout the decade of monitoring (2003–2013) (Figure 5-2). This was
associated with a significant increase in Moribund moss from 44% to 59% in the Transitional
community at RR (Figure 5-1d, Table 5-2).
The cover of the Lichens and Other categories did not change significantly over time for any
community at either study site (Table 5-2).

5.3.2 Species Composition
Species assemblages shifted in the decade between 2003 and 2013 at both ASPA 135 and Robinson
Ridge. The Bryophyte communities at both sites displayed the most change in species presence over
time, with some change in the Transitional communities and little change in the Lichen communities.
The Bryophyte community was the most variable at both sites throughout the decade of monitoring.
At both sites, the relative abundance of Ceratodon purpureus in the Bryophyte community
significantly increased between 2003 and 2013 (Figure 5-3). Although variable between years,
C. purpureus in the Brophyte community increased from baseline relative abundance below 0.03 at
both sites, to 0.10–0.22 between 2011-2013 at ASPA 135 and 0.07–0.22 between 2008-2013 at
Robinson Ridge. Schistidium antarctici relative abundance declined significantly from 0.62 in 2003 to
0.34 in 2008 in the RR Bryophyte community, remaining below 0.44 in subsequent years; S. antarctici
was stable throughout the decade at ASPA 135 (Figure 5-3). Bryum pseudotriquetrum decreased
significantly from 0.22 to 0.09 between 2003 and 2008 at ASPA 135, with a similar decline, although
not significant, at RR, followed by a return to baseline levels at both sites (Figure 5-3). The relative
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abundance of Moribund moss significantly increased from ≤0.1 to >0.25 between 2003 and 2008 in
the Bryophyte communities at both sites, followed by a subsequent return to baseline levels (Figure
5-3). No change was observed for crustose, fruticose and foliose lichens, or the liverwort
Cephaloziella varians throughout the decade of monitoring in the Bryophyte community at either
site (Figure 5-3).

Figure 5-3
Bryophyte community composition over a decade (2003-2013) of monitoring at a) ASPA 135
and b) Robinson Ridge study sites. Data represent expected mean and 95% credible intervals (n=9). Asterisks
denote significant differences from the 2003 baseline (where 95% CI did not span zero), within categories only.

The Transitional community was more variable at ASPA 135 than Robinson Ridge throughout the
decade of monitoring. Although similar trends in species relative abundance were seen at both sites,
the only significant changes were seen in the ASPA 135 Transitional community. Moribund moss
relative abundance in the ASPA 135 Transitional community significantly increased from 0.27 in
2003 to 0.50 in 2008, followed by a subsequent return to baseline levels (Figure 5-4). Conversely,
crustose lichen relative abundance significantly declined from 0.26 in 2003 to 0.12 in 2008, similarly
returning to baseline levels in subsequent years in the ASPA 135 Transitional community (Figure 5-4).
No significant change was observed for any other species/category at ASPA 135, or in any
species/category in the Transitional community at Robinson Ridge (Figure 5-4).
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Figure 5-4
Transitional community composition over a decade (2003-2013) of monitoring at a) ASPA 135
and b) Robinson Ridge study sites. Data represent expected mean and 95% credible intervals (n=9). Asterisks
denote significant differences from the 2003 baseline (where 95% CI did not span zero), within categories only.

The relative abundance of species/categories in the Lichen community exhibited no change at either
site throughout the decade of monitoring (Figure 5-5). The Lichen communities at both sites were
primarily composed of Moribund moss, crustose and fruticose lichens, all in equal relative
abundance around ~0.3 in each year (Figure 5-5).
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Figure 5-5
Lichen community composition over a decade (2003-2013) of monitoring at a) ASPA 135 and
b) Robinson Ridge study sites. Data represent expected mean and 95% credible intervals (n=9). Asterisks
denote significant differences from the 2003 baseline (where 95% CI did not span zero), within categories only.
Note that samples were not collected in 2011 for the Lichen community.

5.4 Discussion
Similar patterns were observed at both study sites over the decade of monitoring from 2003 to 2013.
Although communities at each site had different levels of initial vegetation cover and health, similar
trends were also observed over the decade of monitoring. Both vegetation health by percent cover
and the relative abundance of species indicate that baseline vegetation health was quite high, and
showed a significant decline in health in 2008. This was followed by a gradual recovery in both
communities at both sites, with full recovery by 2013 at ASPA 135 and recovery to approximately
two-thirds of baseline levels at Robinson Ridge.
Moss health state changes were observed between Healthy, Stressed and Moribund over the decade
of monitoring at ASPA 135 and Robinson Ridge (Figure 5-6). Relative moss health cover estimates in
both communities exhibited an inverse trend between Live and Moribund moss, as well as between
Healthy and Stressed moss, at both sites (Figure 5-2). Both sites experienced a marked increase in
stress and decline in health in 2008, in both the Bryophyte and Transitional communities. The
significant shift in moss colour from green (Healthy) in 2003 to red (Stressed) in 2008 (Figure 5-1,
Figure 5-2, as illustrated in Figure 3-3 and Figure 5-7) was accompanied by significant increases in the
relative abundance of Moribund moss in both communities at ASPA 135, and the Bryophyte
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community at Robinson Ridge (Figure 5-3, Figure 5-4). At Robinson Ridge, the relative abundance of
S. antarctici significantly decreased and C. purpureus significantly increased in the Bryophyte
community from 2003 to 2008, and in the Bryophyte community at ASPA 135, B. pseudotriquetrum
relative abundance also significantly decreased from 2003 to 2008 (Figure 5-3). These changes all
indicate some event causing increased moss stress sometime prior to the field sampling in January
2008. Following the stress event, moss health markedly improved, returning to baseline levels of
health at ASPA 135 by 2013 (Figure 5-1). Robinson Ridge communities regained some health, but
only to 2/3 of baseline levels (Figure 5-1). An associated increase in Moribund moss cover from 2003
to 2013 was found in the ASPA 135 Bryophyte community and the Robinson Ridge Transitional
community; while C. purpureus relative abundance significantly increased above baseline from 2011
to 2013 in the Bryophyte community at both sites (Figure 5-3, Figure 5-4). It is interesting to note
that more significant changes are apparent in the Bryophyte communities at both sites when
modelled using 2000 as the baseline year (see Chapter 6), with the relative abundance of S. antarctici
significantly declining and C. purpureus significantly increasing at both sites, and B. pseudotriquetrum
and Moribund moss significantly increasing at ASPA 135 between 2000 and 2013 (see Figure 6-2).
This may reflect a longer period of sampling allowing more significant changes to emerge. This
illustrates the importance of ongoing long-term monitoring (Bergstrom 2017).
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Figure 5-6
Diagrammatic representation of moss health state relationships. The intensity or duration of
stress (x axis) impacts the health state (y axis). Arrows indicate observed heath state changes over a decade
(2003-2013) of monitoring moss health in the Windmill Islands. Blue arrows indicate pigment changes within
the cells of an individual plant, while green arrows indicate growth of new healthy leaves/plants at a turf level.
Please note that the three images show the same area of moss in different years, and that the Moribund moss
is the grey moss in the lower right image. Inset images (blue) depict confocal microscope images of cells at
each stage of moss health, with bright red chloroplasts obvious in Healthy moss but less clear in Stressed moss
and absent in Moribund moss. Extreme high intensity stress is thought to cause immediate state change from
Healthy to Moribund, however evidence for this is only anecdotal.

The observed shift from Healthy to Stressed moss in 2008 was widespread, occurring in all quadrats
at both sites in the Windmill Islands. Ridges, caused by frost heave of moss turfs from freeze-thaw
events (Kappen et al. 1989), were more stressed in 2008 quadrats, while valleys were more sheltered
from the effects of the stress events (Figure 5-7). The source of the stress prior to sampling in
January 2008 is difficult to determine, however twelve freezing rain events did occur between 2006
and 2009, three of which occurred in December 2007 (immediately prior to the 2008 sampling). This
represents 75% of the 16 observations throughout the 25 year weather record (1989-2014) from
Casey station (see Chapter 6). Although moribund moss is not identifiable to species level, the
increase in moribund moss and simultaneous decrease in B. pseudotriquetrum indicates that this

102

species may be the source of much of the moribund moss observed in 2008 at ASPA 135, and to a
lesser extent at Robinson Ridge. Of the three species of moss found in the Windmill Islands,
B. pseudotriquetrum has the fastest growth rate (Table 2-2, see section 2.4.2; Waterman 2015) and
can often be seen growing up through turfs of S. antarctici and C. purpureus, as denoted by the
asterisk in Figure 5-7 (Bramley-Alves et al. 2015). This enables B. pseudotriquetrum to take
immediate advantage of available moisture, while avoiding inundation, however it comes at the cost
of being the most exposed to the elements, as individual shoot apices sit above the main moss turf
(Bramley-Alves et al. 2015). These shoots can then become moribund, if the actively growing shoot
apices are ‘beheaded’ by wind and ice abrasion in the extreme Antarctic weather conditions.
The subsequent recovery of health from 2008 to 2013 shows that these communities of Antarctic
mosses are resilient and able to grow and regain health after periods of stress. However, although
the majority has recovered or is still recovering, some moss did become Moribund, due to the stress
being too severe or prolonged (Figure 5-7). The increased abundance of the submergence intolerant
species, C. purpureus , in addition to the decreased community water content in the Bryophyte
community (see Appendix 9.2) suggest a drying trend in this community. This supports previous
findings, which propose that the restricted distribution of healthy bryophyte communities to lowlying areas with reliable moisture supply, as well as the predominance of desiccated, moribund moss
and lichens in higher areas indicate a drying trend in the Windmill Islands (Melick and Seppelt 1997,
Wasley et al. 2012). This drying trend is further supported by research by Bramley-Alves et al. (2015),
who, after demonstrating the accuracy of stable isotopes in Antarctic moss to act as a proxy for
water availability, found a decline in water availability at ASPA 135 and Robinson Ridge over recent
decades. This trend towards drier conditions in the Windmill Islands is further discussed in Chapter 6.
In addition to the increase in abundance of the cosmopolitan C. purpureus, this drying trend may
lead to the decreased abundance of S. antarctici, potentially causing issues for the conservation of
this Antarctic endemic species (Wasley et al. 2012).
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Figure 5-7
An example quadrat from the ASPA 135 Bryophyte community, photographs captured in a)
2003, b) 2008, c) 2012 and d) 2013. Arrows indicate areas undergoing health changes: 1) healthy (green) to
stressed (red) and back to healthy (green); 2) healthy (green) to stressed (red) to moribund (black); 3)
moribund (black) to healthy (green). Red asterisk denotes an area where B. pseudotriquetrum (lighter green)
shoots can be seen growing up through a turf of C. purpureus or S. antarctici (darker green). NB: frost heave
causes moss turf to move between years, causing apparent shifts within the quadrat.

As Antarctic moss health changes rapidly between Stressed and Healthy under ideal laboratory
conditions, dependent on water availability (Malenovský et al. 2015, Waterman 2015), further
research is required to determine how long it takes for these health changes in Antarctic moss under
field conditions. The colour change is caused by a change in the types of protective pigments
(including anthocyanins and carotenoids) produced in the leaves of the moss (Post 1990, Lovelock
and Robinson 2002, Waterman 2015). Australian samples of C. purpureus have previously been
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found to change colour from green to yellow/reddish-brown within a six week period when exposed
to high light, desiccation and temperature stresses (Waterman 2015). This process may occur within
a single Antarctic summer season, given the more extreme conditions. Antarctic samples of Stressed
(red) moss showed new Healthy (green) growth in less than one week for B. pseudotriquetrum,
within one week for C. purpureus and within two weeks for S. antarctici, when grown in optimal
laboratory conditions (Malenovský et al. 2015, Waterman 2015). My results show that the amount of
stressed moss that had recovered to healthy increased from 53% and 29% in 2012 to 85% and 41% in
2013, at ASPA 135 and Robinson Ridge, respectively, further demonstrating that marked moss
recovery can occur within a single season. However, my results also suggest that complete recovery
in the field from Stressed to Healthy may take up to five years in the ASPA 135 Bryophyte community
(Figure 5-7b-d), and is even slower at Robinson Ridge, where moss that was stressed in 2008 has still
not fully recovered by 2013. This is likely due to the slow growth of Antarctic moss in field conditions
(Clarke et al. 2012, Waterman 2015) and the variable water availability, especially at Robinson Ridge.
Additionally, if stressors are extreme enough, or persist for prolonged periods, moss may become
moribund and slowly overgrown by lichens. Note that healthy moss must experience an extreme
stress event in a very short period of time if it is to become moribund. Less acute stress would likely
result in changes in photoprotective pigmentation with moss going from Healthy green to Stressed
red (Figure 5-6).
It is also important to determine what conditions are required for the healthy regrowth of moribund
moss in field conditions, as I have observed healthy B. pseudotriquetrum shoots growing up through
patches of moribund moss within a period of four years (Figure 5-7b-c). Previously, it has been
shown that where mixed samples of moribund and healthy moss in laboratory conditions were given
sufficient moisture, B. pseudotriquetrum and S. antarctici cover increased by at least 50% in as little
as 2-3 weeks at 18°C and in 8-19 weeks at 2°C, even where samples initially had 75% lichen
encrustation (Melick and Seppelt 1997). The same study also showed that where similar samples
were watered weekly there was at least a 25% increase in moss cover over 6-9 weeks at 18°C, and a
<10% increase after 12 weeks at 2°C; while no change in cover was observed when samples were
watered fortnightly (Melick and Seppelt 1997). This suggests that if enough sunlight and water are
available, moribund moss could regrow, or be overgrown, by healthy new bryophytes within short
periods. However, in Antarctic field conditions, it is unlikely that water availability and temperature
would both be high enough for rapid bryophyte regrowth, with the possible exception of the
opportunistic Bryum pseudotriquetrum.
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Photographic and potentially other spectral monitoring (as in Malenovský et al. 2015, Malenovský et
al. 2017, see Appendix 9.7.3) throughout a field season is recommended, as well as more frequent,
annual monitoring to assist in determining rates of Antarctic moss health state changes. However, it
is not recommended to take samples of moss more frequently than the current five-year monitoring
period, as this could lead to unreasonable damage to the moss turf. Future monitoring of species
should consider the abundance of the three moss species, to determine whether S. antarctici
abundance is being affected by the increasing abundance of C. purpureus in the Bryophyte
communities at both ASPA 135 and Robinson Ridge.
I cannot currently determine the specific cause of the region-wide stress response of the moss turfs.
Further monitoring may assist in discovering what types of events may cause these responses,
thereby leading to an understanding of what climatic factors could potentially cause moss health to
decline in the future. Biologically available water is one known key factor determining Antarctic
vegetation health (Kappen et al. 1989, Wasley et al. 2006b). With changing climatic conditions,
increased snow melt would normally increase the amount of biologically available water, however
this melt may occur earlier in the season and/or at increased rates, potentially exhausting the
spatially limited snow banks before the end of the summer season (Convey 2006). Rather than
leading to better conditions, the loss of snow banks could lead to greater water stress for Antarctic
vegetation communities (Convey 2006, Lee et al. 2017). This can be further exacerbated by increased
UV exposure, increased temperatures, and increased exposure to wind, leading to increased
evaporation and desiccation stress (Convey 2006). Local site specific weather monitoring, such as
that proposed for the ANTOS (ANTOS Expert Group 2016), would facilitate this long-term monitoring
research, and could allow the development of models linking vegetation responses to local climatic
factors. This could help to determine how these ecosystems may respond to current and future
global changes in climate.
This monitoring study has shown that these slow-growing Antarctic moss communities vary in health
and species composition more quickly than previously thought. Previous estimates have suggested
that change in Antarctic moss communities occurs at decadal timescales (Brabyn et al. 2006,
Guglielmin et al. 2014), however my work, which sampled moss communities at more frequent time
intervals than previous studies, shows that changes can occur over 1–5 years. The lichen
communities in this region are not expected to change as rapidly as the moss-dominated
communities, as lichens have much slower growth rates, and these communities have limited water
available for growth (Green 1985, Melick and Seppelt 1997, Sancho et al. 2007). Evidence suggests
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that the amount of water available to vegetation at the ASPA 135 and Robinson Ridge sites is
declining and that the cosmopolitan moss Ceratodon purpureus is rapidly increasing in abundance in
areas previously submerged for long periods throughout the summer season. Evidence that the
Antarctic endemic Schistidium antarctici is declining was observed at one site and abundance of this
species should be monitored to determine any potential detrimental effects due to increased
presence of C. purpureus. Antarctic mosses are adaptable and capable of recovering after stress,
however they do become moribund if the stress is too severe or prolonged. Continued monitoring of
these vegetation communities is vital in order to assess how these ecosystems are changing, which
possible climatic factors are causing these changes, and what conservation management procedures
may be required to maintain these ecosystems in future.
The Bryophyte communities at both sites exhibited the most change throughout the decade of
monitoring, thus this community is explored further in Chapter 6, where we show that vegetation is
changing in response to a drying climate. Vegetation cover data for the Bryophyte community in this
chapter were also used to show changes in moss health in Chapter 6, throughout the decade (2003–
2013). Additional species composition results from the pilot study in the Bryophyte community in
2000 were added to the data from this chapter to build vegetation models in Chapter 6 comparing
the changes in vegetation composition throughout the entire 13 year period of monitoring (2000–
2013).
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6 Bryophyte change 2000-2013
Letter currently in review with Nature Climate Change
Robinson SA, King DH, Bramley-Alves J, Waterman MJ, Ashcroft MB, Wasley J, Turnbull JD, Miller RE, Ryan-Colton
E, Benny T, Mullany K, Clarke LJ, Barry LA, and Hua Q (in review) Drying of East Antarctic terrestrial
ecosystems provokes rapid community change. Nature Climate Change.

NB: SAR, DHK, JBA, MJW, MBA and JW contributed equally.
Section 6.1 includes the manuscript and section 6.2 is the Supplementary information.
Please note that this chapter does include some data from Chapter 5, however the analyses
presented in this chapter:
a) are specific to the Bryophyte community only,
b) include data from a 2000 pilot study to analyse change over 13 years (2000-2013) instead of 10
years (2003-2013) for species composition,
c) focus on moss health only for vegetation cover/health,
d) explore potential environmental drivers of change.

6.1 Manuscript
6.1.1 Abstract
East Antarctica has shown little evidence of warming to date (Doran et al. 2002, Convey et al.
2009, Turner et al. 2014a) with no coherent picture of how climate change is affecting vegetation
(Robinson et al. 2003, Brabyn et al. 2006, Guglielmin et al. 2014). In stark contrast, the Antarctic
Peninsula experienced some of the most rapid warming on the planet at the end of the last
century (Convey et al. 2009, Bromwich et al. 2013, Turner et al. 2014a, Turner et al. 2016) causing
changes to growth and distribution of plants (Parnikoza et al. 2009, Hill et al. 2011, Amesbury et
al. 2017). Here we show that vegetation in the Windmill Islands, East Antarctica is changing rapidly
in response to a drying climate. This drying trend is evident across the region, demonstrated by
changes in isotopic signatures measured along moss shoots (Clarke et al. 2012, Bramley-Alves et
al. 2015), moss community composition and declining health, as well as long-term observations of
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lake salinity (Hodgson et al. 2006) and weather. The regional drying is likely due to the more
positive Southern Annular Mode (SAM) in recent decades. A consequence of Antarctic ozone
depletion and increased greenhouse gases, the more positive SAM causes strong westerly winds
to contract closer to the continent, maintaining colder temperatures (Marshall 2003, Abram et al.
2014, Robinson and Erickson 2015, Marshall and Thompson 2016) in contrast to the increasing
global temperatures. Colder summers in East Antarctica likely result in reduced snow melt and
increased aridity. We demonstrate for the first time that rapid vegetation change is occurring in
East Antarctica and that its mosses provide potentially important proxies for monitoring coastal
climate change.
6.1.2 Main body
Climate change is causing many species to shift poleward in response to increasing global
temperatures (Pecl et al. 2017). Antarctic continental vegetation, however, is unlikely to exhibit such
simple and predictable responses, as warming is inconsistent over the continent (Doran et al. 2002,
Turner et al. 2014a), and species distributions are largely determined by local availability of ice-free
habitats and water, rather than temperature per se (Brabyn et al. 2006, Wasley et al. 2006b, Convey
et al. 2014, Lee et al. 2017). Small changes in microclimate (temperature, precipitation, wind or
humidity) can impact the water balance or freeze-thaw cycles (Lenné et al. 2010) and thus impact
vegetation, even in the absence of regional warming.
Continental Antarctic flora is mainly restricted to ice-free coastal regions and is dominated by
cryptogams (mosses, lichens and algae), with two vascular plant species found only on the
comparatively mild Antarctic Peninsula (Convey et al. 2014). We have been monitoring health and
biodiversity in well-developed Windmill Island moss communities of East Antarctica (Supplementary
Fig. S1; Wasley et al. 2012). Such moss beds occur only where summer ice melt produces temporary
streams and lakes, sustaining a short (8–16 week) season of plant growth (Melick and Seppelt 1997,
Robinson et al. 2003, Wasley et al. 2012).
Over 13 years (2000–2013) we observed significant changes in species composition within these
moist moss communities in the Windmill Islands (Fig. 6-1). Changes in relative abundance of moss
species were modelled from microsamples collected from replicate quadrats at two sites (Antarctic
Specially Protected Area (ASPA) 135 (A2) and Robinson Ridge (RR; Supplementary Fig. S1). We found
that moss communities were dominated by the Antarctic endemic, Schistidium antarctici (Figs 6-1 &
6-2), the most tolerant of submergence and least desiccation-tolerant of the three co-occurring
species (see Supplementary Table S1; Wasley et al. 2006b), but that its relative abundance declined
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significantly from >80% in 2000 to <65% within a decade. Conversely, the abundance of the two
desiccation-tolerant, cosmopolitan species, Ceratodon purpureus and Bryum pseudotriquetrum,
increased (Fig. 6-2, Supplementary Table S1). The significant increase in C. purpureus in particular,
from <1% to 10–20% at both sites indicates drier growth conditions (Wasley et al. 2012). Given this
species’ aversion to submergence (Wasley et al. 2006b, Lenné et al. 2010, Wasley et al. 2012), it is
likely that these sites are now experiencing reduced periods of water inundation, allowing C.
purpureus propagules to establish (Fig. 6-1).

Figure 6-1
Changes in moss bed community composition (Pre 2000–2013), Windmill Islands East
Antarctica. Periodic flooding of the lower reaches of moss beds (top) favours the two species (Schistidium
antarctici and Bryum pseudotriquetrum) that can tolerate submergence (Table S1); however, Ceratodon
purpureus, which does not tolerate submergence, is restricted to the higher levels of the catchment. Since
2000 the moss bed catchment has dried and no longer gets submerged for long periods. Consequently, C.
purpureus can now survive in the lower levels and it has increased in abundance along with an increase in
moribund moss (Fig. 6-2). Extreme stress is also apparent as a change in moss colour in 2008 when the mosses
produced more photoprotective (red) pigments (Fig. 6-3). While some physiological recovery was apparent by
2013, long-term drying was still affecting community composition and health.

This apparent drying trend is further supported by our assessment of visual changes in vegetation
health over the same period. We used digital image analysis to estimate percentage cover of
healthy, stressed and moribund moss based on leaf colour [green, red, and grey (total loss of
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photosynthetic pigments), respectively]. In 2003 all quadrats contained at least 70% healthy, green
moss (Fig. 6-3); however, by 2008 more than half of this healthy moss had turned red in colour
(stressed). Red colouration indicates a shift away from photosynthesis and growth (high chlorophyll,
green moss) towards investment in photoprotective pigments in response to physiological stress
(Malenovský et al. 2015). Mosses can recover if conditions improve; new healthy moss plants can resprout through moribund turf and red stressed moss will re-green if photoprotective pigments are
replaced by chlorophyll. There was some recovery to healthy moss from 2008–2013 (Figs 6-1 & 6-3);
however, recovery differed between the two sites. At Robinson Ridge 30% of the moss remained in a
stressed state in 2013 whereas at ASPA 135 the 2013 percent cover of healthy and stressed moss
were similar to 2003 (Fig. 6-3). It is notable, however, that moribund moss increased significantly at
both sites over the study period (Figs 6-1, 6-2, 6-3). The increased dominance of the two more
desiccation tolerant moss species (C. purpureus and B. pseudotriquetrum) at the expense of the
endemic S. antarctici (Fig. 6-2), and the reduction in moss health (Fig. 6-3), are all consistent with
drier microclimates.
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Figure 6-2
Community composition at two sites (ASPA 135 and Robinson Ridge), Windmill Islands, East
Antarctica, sampled in six summer seasons between 2000 and 2013. The moss community consists of varying
proportions of three species and unidentifiable moribund moss (lacking cell contents and essentially dead).
Relative abundance (±95% CI) was estimated using a Bayesian model based on nine microsamples per quadrat,
n=10 quadrats in all years except 2000 where n=7. The model also estimated the differences in relative
abundance from the 2000 baseline year, with asterisks marking significant changes (where 95% CI did not span
zero).

The trend towards drier conditions in the Windmill Islands is also evident in stable carbon isotope
(δ13C) signatures along slow growing moss shoots of all three species collected from six sample
locations (Fig. 4). Antarctic mosses have extremely slow growth rates and their cellular δ13C
signatures have been shown to accurately reflect bio-available water (Bramley-Alves et al. 2015).
Shoot segments with higher (less negative) δ13C reveal periods when the moss was growing under
wetter conditions (Bramley-Alves et al. 2015) (more submergence; see Fig. 6-1). Changes in δ13C
along moss shoots can be precisely dated using ‘bomb-peak’ radiocarbon dating (Hua 2009, Clarke et
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al. 2012, Amesbury et al. 2017) (see Supplementary Methods) enabling interpretation of highlyresolved temporal trends in water availability in Antarctica.

Figure 6-3
Change in moss health between 2003 and 2013 at two East Antarctic sites (as in Fig. 6-2).
Photographs (top panel) demonstrate how moss health changed in a typical quadrat over four sampling
periods. Graphs (bottom panel) show percent cover of the three moss health categories (green moss = healthy,
red = stressed, grey/black = moribund) at each site for the same sampling periods. Cover was determined using
semi-automated object-based image analysis of quadrat digital photographs. Data are mean percent cover
(±95% CI; n=10 quadrats per site). Letters denote significant differences (P<0.05) between sampling years
within health categories.

Windmill Islands moss beds support live shoots, up to 135 mm long, that have been growing for
decades (Clarke et al. 2012, Bramley-Alves et al. 2015) at an average rate of 1.4 mm yr-1 (SD 0.8;
Supplementary Fig. S2). Trends in δ13C in moss shoots also indicate that bio-available water has
declined in the Windmill Islands region since the 1960s, independent of species or site. On average,
δ13C decreased at a rate of 0.039‰ yr-1 (SD 0.068, n=18), and this drying trend was significant in 40%
of these slow-growing shoots (Fig. 6-4). Only two cores exhibited positive δ13C trends, suggesting
moister recent conditions, and neither was significant. Variation in δ13C between shoots suggests
some moss patches receive more water and act as microrefugia (Convey et al. 2014). That an overall
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negative δ13C trend was found across the region provides further support for a drying trend for this
biologically important polar region.

Figure 6-4
Rate of change in moisture availability in East Antarctic mosses since 1960, estimated using
isotopic analysis of long moss shoot cores. Individual intact core samples (long shoots) of the three moss
species were collected from six sites in the Windmill Islands (see Supplementary Fig. S1 for sampling locations).
13
13
Data represent the rates of change in δ C linear trends (±95% CI) for dated moss core sections. Negative δ C
change rates indicate that water availability has declined since the 1960s; those found to be significantly
different (P<0.05) to 0‰ yr-1 are indicated by asterisks. Moss shoot cores varied between 30–135 mm in
length and 10–390 years in age (see Supplementary Fig. S2 for details).

This regional drying is likely due to reductions in stratospheric ozone and increases in greenhouse
gases causing an intensification in the positive phase of the Southern Annular Mode (SAM; Fig. 6-5a)
(Marshall 2003, Abram et al. 2014, Williamson et al. 2014, Robinson and Erickson 2015, Marshall and
Thompson 2016). Ozone hole depletion since the 1970s has had pronounced effects on Southern
Hemisphere climate, most obviously over the spring and summer growing season (WMO 2014,
Turner et al. 2014a, Robinson and Erickson 2015 and references therein). This has led to increased
wind speeds around Antarctica and lower maximum temperatures across much of East Antarctica
(Doran et al. 2002, Turner et al. 2014b, Robinson and Erickson 2015, Marshall and Thompson 2016).
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Lower temperatures are associated with reduced snow melt, meaning more water remains frozen
and biologically unavailable (Convey et al. 2014).
Ozone depletion and the increase in the SAM (Marshall 2003, Abram et al. 2014, Turner et al. 2014a,
Marshall and Thompson 2016) have been linked in recent years to a growing number of biological
phenomena across the Southern Hemisphere, including changing growth rates in trees (Villalba et al.
2012, Robinson and Erickson 2015) and increased body weight and breeding success in wandering
albatross (Weimerskirch et al. 2012). It seems likely that the Windmill Islands represent another
example where regional drying, linked to anthropogenic climate change, is associated with declining
plant health and changes to species composition in terrestrial communities, as well as increased
salinity and associated shifts from freshwater species (green algae and cyanobacteria) to diatoms, as
nearby lakes become more saline (Hodgson et al. 2006) (See Supplementary Fig. S1 for locations).
To confirm recent changes in regional climate we compiled long-term weather data from the three
Australian Government Bureau of Meteorology (BOM) stations (Wilkes, Casey Tunnel and Casey;
Supplementary Fig. S1) that have been operational since 1961. Despite inter-annual variation typical
of polar climates, these records are consistent with regional drying in response to the increasing
SAM. Changes were, however, best modelled as periodic steps rather than gradual trends (Fig. 6-5;
Ducré-Robitaille et al. 2003). Maximum temperature declined from 1975–2017 (data not shown),
resulting in a 31% reduction in mean degree days above zero from 208 (SD 42) for 1975–1993 to 143
(SD 44) for 1994–2017 (Fig. 6-5b). Both the SAM and degree days exhibited notable shifts in 1993–
1994 (Fig. 6-5a–b), and a more positive SAM was significantly correlated with lower degree days, in
particular since 1970, when the strong correlation was consistent for data from the two consecutive
Casey weather station locations (Fig. 6-5c; R2=0.66, P<0.001 and R2=0.38, P<0.001). No correlation
was found between SAM and mean wind speed when assessed by station location, although the step
model suggests mean summer wind speeds have increased from 16.3 km/h (1978–1987) to 21.4
km/h (2000–2017) (Fig. 6-5d–e).
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Figure 6-5
Variation in summer (Dec–Feb) Southern Annular Mode (SAM) and meteorological
observations in the Windmill Islands, East Antarctica since 1961. SAM values (a) were obtained from the British
Antarctic Survey. Degree days above zero (b, c) and mean wind speeds (d, e) were compiled from three Bureau
of Meteorology weather stations (see symbols in the legend). All time series were better modelled by shifts in
discrete years rather than linear or spline trends. Shifts close to weather station moves in 1970 and 1990 (b, d)
should be interpreted with caution. Degree days were calculated as the sum of maximum temperatures for
days where the maximum temperature was above 0 °C, and were used as an indicator of snow melt. Linear
regression (c, e) was applied to the data from each weather station to determine if SAM had significant
relationships with meteorological variables that were independent of weather station locations. Solid and
dashed lines (c) both indicate significant trends (P<0.05), but the trend for Wilkes is different from the other
locations. Dotted lines (e) were not significant.

In addition to the long-term drying trend apparent in these communities, our results show a sudden
decline in plant health occurred in 2008 (Figs 6-1 & 6-3), followed by partial recovery. This could
indicate an extreme weather event occurred in that season. BOM synoptic records show lower
maximum temperatures and degree days in 2008 (Fig. 6-5b), but there was also an unusual
occurrence of freezing rain, which occurs when supercooled raindrops fall in liquid phase but freeze
when impacting the surface. Over the 25 years from 1989 to 2014 there were only 16 observations
of freezing rain. Twelve of those occurred between 2006 and 2009 with three in December 2007
shortly before the quadrats were monitored in January 2008. Although this evidence is
circumstantial, it is plausible that an unusual occurrence of freezing rain caused additional stress to

116

the mosses, and given that disturbance can promote species invasion, this extreme event may have
facilitated the establishment or increase of C. purpureus under this drying regional climate.
The presence of lichen encroachment over moribund moss has previously been considered evidence
for drying conditions in the Windmill Islands; however, the timeframe for this change was unclear
(Melick and Seppelt 1997, Wasley et al. 2012). It could represent a slow process that has been
occurring over the past 3–8,000 years as deglaciation and isostatic uplift have gradually resulted in
drier sites (Goodwin 1993); however, evidence is now accumulating that a more contemporary
drying trend may also be impacting the region. Rapid increases in salinity from three Windmill
Islands lakes suggest drying across the region in recent decades (Hodgson et al. 2006), which is
supported by results from our study. Together, the combination of lake salinity records, shoot stable
isotope analysis, meteorological data and vegetation monitoring paint a clear picture of recent
drying across this region leading to community change.
Our findings suggest a drying trend is affecting East Antarctic terrestrial biota and this work is the
first documented case of such change for the Antarctic continent. Antarctic mosses are small and
grow very slowly, but their tissues maintain a record of the environmental conditions during growth
(Amesbury et al. 2017). The suite of methods applied here demonstrates that Antarctic moss
communities are far more responsive to their microclimate than we might predict based on their
slow growth rates; indeed we show that rapid changes can and are occurring in these terrestrial
Antarctic vegetation communities.
The ice-free habitats of the Windmill Islands are amongst the most extensively vegetated areas on
the Antarctic continent, with several large moss beds and even larger areas dominated by lichens
(Melick and Seppelt 1997, Wasley et al. 2012), rendering the area critical for Antarctic biodiversity.
Our data suggest that climate change and ozone depletion are already impacting old growth moss
beds in East Antarctica with other, as yet unmeasured, components of Antarctic biodiversity
potentially also affected. Continued monitoring of these study areas is important to fully understand
the impacts on all terrestrial biodiversity and develop appropriate conservation strategies.
Furthermore, given the spatial and temporal paucity of meteorological records for Antarctica, moss
communities are important and sensitive biological proxies for tracking coastal climate change
around the continent.
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6.1.3 Methods
We monitored vegetation change from 2003–2013 within 10 permanently marked quadrats at two
sites in the Windmill Islands region, East Antarctica, and combined this with an earlier survey in 2000
of seven quadrats in the same locations (Wasley et al. 2012) (as detailed in Supplementary Fig. S1
and Supplementary Methods). Quadrats (25 × 25 cm) were located close to ephemeral summer
water sources, such as melt streams and lakes, which sustain verdant bryophyte communities, and
positioned where bryophyte turf was dominant. These communities support populations of three
moss species including the dominant endemic Schistidium antarctici (Cardot) L.I. Savicz & Smirnova,
and two cosmopolitan species, Bryum pseudotriquetrum (Hedw.) Gaertn., Meyer & Scherb. and
Ceratodon purpureus (Hedw.) Brid. We took nine evenly distributed microsamples of vegetation
from each quadrat in 2000, 2003, 2008, 2011, 2012 and 2013 and digitally photographed quadrats in
all years except 2000 and 2011. We then scored presence of live and moribund moss within
vegetation samples and identified live bryophytes to species (Wasley et al. 2012).
The relative abundance of each species in each quadrat and each year was modelled in R using the
R2OpenBUGS Bayesian modelling package and similar methods to those in (Ashcroft et al. 2017, see
Appendix 9.7.2). The average relative abundance of the three living mosses and moribund moss in
each year had uniform prior distributions but were constrained to sum to a total abundance of 100%
(Supplementary Methods and R scripts in Appendix 9.6). As there were nine microsamples per
quadrat, the samples from a quadrat were modelled using a binomial distribution with probability
Py,s,q and number of samples n=9. The probabilities were allowed to vary according to year (y),
species (s) and quadrat (q) but were assumed to be non-linearly related to the cover of the
respective species. The Bayesian model used Markov Chain Monte Carlo iteration to estimate the
expected mean and 95% credible intervals for the relative abundance given the observed samples.
Note that C. purpureus was not detected prior to 2003 (see Fig. 6-1, Supplementary Table S1 (Wasley
et al. 2012)) but the 95% credible interval still indicates the species could have been present but
unobserved, hence the modelled abundance shows this species occurring at low levels in 2000 (Fig.
6-2).
We estimated the health status of the moss turf from digital photographs of each quadrat. Image
analysis methods were used to assess quadrat percent cover of moss that was categorised as
“healthy”, “stressed” or “moribund” based on turf colour; where green = healthy, red = stressed and
grey = moribund. The image analysis was conducted using semi-automated object-based methods,
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based on red, green, blue (RGB) colour ratios, in the software package eCognition (Definiens Imaging
GmbH, München, Germany; further detail provided in Supplementary Methods).
Rate of change in moisture availability since 1960 was measured using radiocarbon dating and δ13C
analysis of 18 long intact moss shoot cores. Cores of moss were harvested from six sites across Clark
and Bailey Peninsulas and Robinson Ridge in the Windmill Islands between 2005 and 2013
(Supplementary Fig. S1). As Antarctic moss turfs grow in a highly compact manner (approximately 20
shoots within 0.5 mm of one another (Wasley et al. 2006b)), samples were collected as a 1 cm2
‘core’, with the assumption that shoot sections from within the core experience near identical
growth conditions and would therefore be of a similar age (Clarke et al. 2012). Cores were extracted
from the moss turf, air-dried to a constant mass at 60 °C and frozen at -20 °C for transport back to
Australia. Cores were prepared for Accelerator Mass Spectrometry radiocarbon dating and
δ13CGRAPHITE (a part of the 14C dating process used for fractionation correction (Hua et al. 2001))
analysis at the Australian Nuclear Science and Technology Organisation as described by Clarke et al.
(2012) (see Supplementary Methods for further details). Radiocarbon results in percent modern
carbon were then modelled using the Simple Sequence model of the OxCal v4.2 Bayesian program
(Bronk Ramsey 2008, Bronk Ramsey 2009). The rate of change in δ13CGRAPHITE per year of dated intact
moss shoot core sections was obtained using linear regression analysis on all data since 1960.
Meteorology data, including daily minimum and maximum temperatures, precipitation and average
and maximum wind speed, were obtained from the Bureau of Meteorology for Casey (station
300017, 1990–2017) with earlier observations from the nearby Wilkes (station 300003, 1961–1969)
and Casey (Tunnel) stations (station 300006, 1970–1989). Data for the Southern Annual Mode (SAM)
(Marshall 2003, Marshall and Thompson 2016) were obtained from the British Antarctic Survey. Data
were restricted to the austral summer (Dec–Feb). Linear, spline and step models (with 1, 2 and 3
steps) were fitted to the time series of meteorological observations. Model fit was evaluated using
the deviance explained and Akaike’s Information Criteria. Step models were found to fit the data
better than linear models. Correlations between regional meteorological and continent-wide SAM
data were analysed conservatively by station location, in case local changes in instrument location
affected records. There was a large shift in temperature and degree days in 1993–4, but this
corresponded with similar shifts at Davis Station (~1400 km away) and in SAM, and does not coincide
with changes in instrumentation or location (Ducré-Robitaille et al. 2003) (see Supplementary
Methods), hence likely reflects a real change in climate.
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6.2 Supplementary Information
6.2.1

Methods

Study area and species
This study was conducted in the Windmill Islands of East Antarctica at six sites across three
peninsulas (Fig. S1). Three sites were on Bailey Peninsula: two in Antarctic Specially Protected Area
135 (ASPA; A2, 66.283°S, 110.533°E (Dunn and Robinson 2006) and A3, 66.283°S, 110.541°E) and the
third adjacent to the accommodation building at Casey Station, Red Shed (RS, 66.368°S, 110.587°E
(Lovelock and Robinson 2002)). Two sites were in ASPA 136 on Clark Peninsula (Clarke et al. 2012),
Clark 1 (C1; 66.25°S 110.56°E) and Clark 2 (C2; 66.25°S 110.56°E). The sixth site was at Robinson
Ridge (RR; 66.368°S, 110.587°E (Lovelock and Robinson 2002)). These sites have all been described
previously (Lovelock and Robinson 2002, Dunn and Robinson 2006, Clarke et al. 2012) except for the
A3 site which is located along an ephemeral stream within ASPA 135 (Fig. S1). The A2 (Map ID 14450
http://data.aad.gov.au/aadc/mapcat/display_map.cfm?map_id=14450) and RR (Map ID 14451
http://data.aad.gov.au/aadc/mapcat/display_map.cfm?map_id=14451) sites are locations for
permanent quadrats used for long-term monitoring of terrestrial vegetation dynamics in the
Windmill Islands (SoE Committee 2011, AADC 2017). Summer melt water in streams and lakes
sustains some of the most extensive moss beds of continental Antarctica (e.g. Red Shed, ASPA135,
Robinson Ridge and Clark 2 sites), comprised of three moss species: the endemic moss Schistidium
antarctici (Cardot) L.I. Savicz & Smirnova, and two cosmopolitan species, Bryum pseudotriquetrum
(Hedw.) Gaertn., Meyer & Scherb., and Ceratodon purpureus (Hedw.) Brid. Small, scattered
populations of moss also exist in the more elevated areas e.g. Clark 1. Tolerance to desiccation and
submergence varies between these three moss species (Table S1). Schistidium antarctici typically
grows in wetter sites and is least desiccation tolerant, whereas C. purpureus is not tolerant of
submergence and is generally found in higher, drier areas, consistent with its high tolerance of
desiccation (Wasley et al. 2006b). In contrast, B. pseudotriquetrum is a relatively plastic species that
is found in both dry and water-logged sites (Robinson et al. 2000, Wasley et al. 2006b). Research and
sample collection was conducted under the Antarctic Treaty (Environment Protection) Act 1980,
Permit numbers ATEP2-12-13-4046, ATEP10-11-12-3042-3129, ATEP07-08-1313, ATEP05-06-2542
ATEP02-03, ATEP99/10 issued by the Commonwealth of Australia, Department of Environment to
Sharon Robinson.
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Table S1 | Relative desiccation and submergence tolerance of three Windmill Islands moss species and
observations of their presence in the moist bryophyte communities in earlier surveys. Adapted from Selkirk
and Seppelt (1987), Robinson et al. (2000), Wasley et al. (2006b), and Wasley et al. (2012) .
Previous presence
Tolerance of
Tolerance of
1980 (Selkirk
2000 (Wasley et
Species
desiccation
submergence
and Seppelt
al. 2012)
1987)
S. antarctici
Low
Highest
Dominant
Dominant
B. pseudotriquetrum Flexible
High
Present
Present
C. purpureus
High
Low
Not observed
Not observed
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Figure S1 | Map of the Windmill Islands, East Antarctica showing location of sampling sites. Inset shows the
location of Casey Station on the Antarctic continent. Cores of long moss shoots were collected from locations
labelled: C1 (Clark 1), C2 (Clark 2), RS (Red Shed), A2 & A3 (Antarctic Specially Protected Area 135) and RR
(Robinson Ridge). Long-term monitoring quadrat locations are shown at ASPA 135 (A2) and Robinson Ridge
(RR). Current (Casey 1989–present) and closed (W = Wilkes 1961–69, and T = Casey Tunnel 1970–89) weather
stations are marked on the map as WS. Lake core locations taken from Hodgson et al. (2006).
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Sample collection and analysis
The presence or absence of moss species was analysed from nine tweezer-pinch samples (referred
to in main text as microsamples) taken from 7–10 quadrats at each site in each sampling year
(details in Table S2). The relative abundance of each species was then predicted using a Bayesian
model based on the methods introduced by Ashcroft et al. (2017, see Appendix 9.7.2) (see Appendix
9.6: Fig2_Model.txt, Fig2_script.txt). The observed presence-absence data from the nine pinches in
each quadrat were modelled using a binomial distribution where n=9 and p was non-linearly related
to the relative abundance of each species in each quadrat (see Appendix 9.6: Fig2_Model.txt,
Fig2_script.txt). The relative abundance of the three species and moribund moss were constrained
to sum to 100%, and were modelled based on a logit transform of the average abundance of each
species in each year. The Bayesian model uses an iterative Monte Carlo Markov Chain technique to
estimate the relative abundance of each species in each quadrat in each year given the observed
presence-absence data.
Table S2 | Sampling dates for quadrat sampling and digital camera specifications for each field season, for
Windmill Islands vegetation monitoring fieldwork from 2000 to 2013.
Sampling dates
Season

Camera

Image
Resolution

RR site

A2 site

2000

04 – 31 January 2000

12 – 25 January 2000

N/A

N/A

2003

24 January 2003

11 February 2003

Olympus
C3000Z

2048 × 1536
pixels

2008

14 January 2008

15 January 2008

Olympus
µ795SW

3072 × 2304
pixels

2011

24 February 2011

21 & 26 February 2011

N/A

N/A

2012

14 January 2012

20 January 2012

Sony DSCHX9V

4608 × 3456
pixels

2013

16 & 17 January 2013

18 & 27 January & 04 February
2013

Sony DSCHX9V

4608 × 3456
pixels

Long intact moss shoot cores (n=18; 30–135 mm) of B. pseudotriquetrum, C. purpureus and S.
antarctici were collected from six sites on Robinson Ridge (RR) and Bailey (RS, A2, A3) and Clark
Peninsulas (C1, C2, Fig. S1) between 2005 and 2013 during the austral summer season, and their
ages were determined using radiocarbon dating (see Fig. S2 for dating results). Mosses lay down
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sequential carbon signals reflecting the environmental conditions during growth (Royles et al. 2013,
Bramley-Alves et al. 2015). Intact moss shoots can thus be accurately dated using ‘bomb-peak’
radiocarbon dating, where a peak in recent atmospheric radiocarbon occurred when large quantities
of artificially-produced 14C were injected into the atmosphere during the period of nuclear testing
mostly in the late 1950s and early 1960s (Hua 2009, Clarke et al. 2012). Data from four previously
dated C. purpureus cores (Clarke et al. 2012) have also been included, which were remodelled to
capture recent updates to atmospheric CO2 values (Rubino et al. 2013) as changes to atmospheric
CO2 influence core δ13C through time (Dan 2011). Samples were identified to species by L. Clarke, S.
Robinson, J. Bramley-Alves or M. Waterman. Moss cores were then cut into 2 or 3 mm longitudinal
segments using clean metal instruments to avoid carbon contamination. The moss samples were
pre-treated in hot 2 M HCl solution to remove possible carbonate contamination before being
combusted to CO2 and then converted to graphite for accelerator mass spectrometry (AMS) 14C
analysis using the STAR Facility at the Australian Nuclear Science and Technology Organisation,
Australia (ANSTO; (Clarke et al. 2012)). A small portion of the graphite was used for stable isotopic
carbon (δ13C) determination to correct for isotopic fractionation of 14C using an elemental
analyser/isotope-ratio mass spectrometer. In order to obtain accurate calendar ages for the
consecutive moss segments of a particular core, their obtained 14C content, referred to as percent
modern carbon (pMC), were modelled using a Bayesian analysis approach – “Simple Sequence”
deposition model of the OxCal v4.2 program (Bronk Ramsey 2008, Bronk Ramsey 2009).

124

14

Figure S2 | Depth (distance from shoot tip in mm) and modelled C ages (mean ± 1 σ from 1960 AD) for every
moss segment dated and represented in Fig. 4. Refer to Fig. S1 for locations of moss cores. Sample processing
14
was undertaken at ANSTO to obtain the C values. N.B. Some cores pre-date 1960s and were longer than
60 mm.
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This approach calibrates their ages against our constructed atmospheric 14C curves and models the
moss ages based on the assumption that subsequent moss segments within one core grew in a
chronological manner. The constructed atmospheric 14C curves consist of Southern Hemisphere
summer 14C data for the pre-bomb (SHCal13 (Hogg et al. 2013)) and post-bomb eras (SH zone 1-2
(Hua et al. 2013)) extended beyond 2011 by exponential extrapolation. Each moss sample might
span more than a year of growth as indicated by the fact that the maximum pMC values for each
long shoot core were lower than the annual bomb‐peak value of the SH zone 1-2 data of ~166 pMC
(Hua et al. 2013). This time integration of moss samples was therefore taken into account when
building the constructed atmospheric 14C curves (see (Clarke et al. 2012)). The data set of modern 14C
ages of the moss cores depicted in Fig. 4 is included as Fig. S2.
In addition to recording their age in their cells as described above, mosses have the potential to
record past bioavailable water climates via assimilation of stable carbon isotopes (12C and 13C) from
the atmosphere. The enzyme RuBisCO favours the fixation of lighter 12CO2 during photosynthesis
(Farquhar et al. 1989, Rice and Giles 1996, Williams and Flanagan 1996, Rice 2000). Due to their lack
of stomata there is no diffusional limitation imposed by stomatal control and so mosses fix more
diffused 12CO2 than 13CO2 into sugars and cellulose when the leaf surface is dry. In wetter
environments when the moss surface is submerged in a layer of water, RuBisCO becomes CO2limited and discriminates less against 13CO2, thus, more of the heavier stable carbon isotope is
incorporated as 13CCELLULOSE (Rice and Giles 1996). The change (δ) in the ratio between fixed carbon12 and carbon-13 (δ13CCELLULOSE) indicates the water environment (dry/wet) and correlates to the
measured δ13CGRAPHITE required for AMS 14C correction (above; see Bramley-Alves et al. (2015) for
more information). Correction of this moss shoot δ13CGRAPHITE for temporal changes in atmospheric
δ13C due to fossil fuel emissions was undertaken according to Clarke et al. (2012).
To determine the trends in water environment we regressed the δ13C measurements in each
segment of each core against the respective ages. The resultant slopes of these regressions are
graphed in Fig. 4. We restricted our analysis to dates after 1960 to focus on recent changes and
because dates prior to the bomb pulse could not be estimated as accurately.

Digital evaluation of moss health
Digital red-green-blue (RGB) composite photographs of the 25 × 25 cm permanent vegetation
monitoring quadrats at A2 and RR taken in 2003, 2008, 2012, 2013 (Table S2 for details) were used
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for ground observations of relative cover of healthy (green), stressed (red) and moribund (grey;
lacking pigments and photosynthetically inactive) moss (see Chapter 4). The physiological basis
underlying this categorisation is that when moss resources are invested in photosynthesis and
growth, plant tissues are high in chlorophyll content and appear green, whereas mosses under stress
produce more protective pigments, including anthocyanins, flavonoids and carotenoids that give the
plants a red appearance. These pigments play protective roles including as sunscreens and
antioxidants, which are especially important in high-radiation environments such as Antarctica. The
extent to which the plants appear green or red depends on the relative proportions of these
pigments in the cells and their cellular locations. When mosses become moribund, their tips lose all
pigment content and appear grey in colour. They are designated moribund as although they are
essentially dead, if any viable cells remain they can regrow.
Vegetation health assessment was undertaken as per section 4.2.1. To estimate cover, the photos
were first imported into ArcGIS geographical information system (ESRI, Redlands, USA) for
preprocessing. They were georeferenced to their corresponding GPS locations and consequently
resized to the correct quadrat size of 25 × 25 cm. Masking digital polygons were manually delineated
to define the extent of the quadrat and to mask out large rocks within each image. The preprocessed
images and digital masks were then imported into the eCognition (Definiens Imaging GmbH,
München, Germany) software package for object-based image analysis (OBIA) and automatic
classification. Optimal settings for image object segmentation were determined using the Estimation
of Scale Parameter (ESP) tool (Drǎguţ et al. 2010). The multiresolution image segmentation was
performed using a scale parameter of 33, with parameters of colour/shape set at 0.9/0.1 and
smoothness/compactness at 0.5/0.5. The subsequent image classifier, which used a set of rules
based on RGB (Red, Green, Blue) and HSI (Hue, Saturation, Intensity) digital value thresholds, was
applied to separate vegetation within the quadrats into healthy, stressed and moribund moss
categories. The eCognition OBIA classification of selected images was compared with a manual
classification performed by the operator, resulting in an overall accuracy of 84% (see Chapter 3).

Analysis of local and global climate trends
Daily data on temperatures and wind in the Windmill Islands were obtained from the Australian
Bureau of Meteorology (BOM). The data was combined from three nearby stations at Wilkes (1961–
1969), Casey Tunnel (1970–1989) and Casey (1990–present; Fig. S1). The data for each year was
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taken as the average for the austral summer (December of preceding year through January and
February). As long-term meteorological trends can be confounded by both documented and
undocumented changes in equipment, land use and location (Ducré-Robitaille et al. 2003), we
modelled the time series as either a spline, linear trend, or a step function with up to three discrete
shifts in climate. Models were compared using Akaike Information Criterion (AIC) and we found that
step functions were the most parsimonious models.
To determine if apparent shifts in climate likely represented real changes or artefacts caused by
instrumental or environmental biases we compared the shifts with the nearest BOM weather station
at Davis (~1400 km away) and the Southern Annual Mode. The 1993–4 shift in degree days (Fig. 65b) coincided with similar shifts in SAM and Davis observations and not with the station moves, so
we are confident this reflects a real change in climate. The 2003–4 shift also coincided with a similar
shift at Davis, although this did not correspond with a change in SAM and may be unrelated. The
data from 1961–9, however, were potentially confounded by the 1969 station move. Observations
from the Wilkes station were cooler than the corresponding SAM suggest would have been recorded
at Casey (Fig. 6-5c) and we therefore cannot be certain if 1961–9 represents a cool time period or if
the Wilkes station was in a colder spatial location.
Mean wind speeds exhibited a shift around the time of the 1989 station move (Fig. 6-5d), which did
not correspond with a similar shift at Davis, and had insignificant and inconsistent relationships with
SAM (Fig. 6-5e). The wind speed observations could therefore be confounded by observational
biases and should be interpreted cautiously. While results are only presented for degree days and
mean wind speeds, minimum and maximum temperatures exhibit similar trends to degree days and
maximum wind speeds to mean wind speeds.
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7 Overview and Management Implications
The primary aims of this thesis were: 1) to determine a change detection methodology for RGB
digital photographs of Antarctic vegetation monitoring quadrats (see Chapter 3); and 2) to
determine how vegetation cover, health and species composition has changed over the first decade
of monitoring (2003 – 2013) (see Chapters 5 and 6). My experience with and findings concerning the
photographic analysis, in addition to experience and knowledge from experts who have previously
completed Windmill Islands monitoring field work, has informed the following suggestions for future
Antarctic monitoring research. My assessment of the changes in the Windmill Islands vegetation
community will help to inform management for the region.
Here, I provide a summary of my assessment of the Windmill Islands vegetation for the State of the
Environment report, as this work informs State of the Environment Indicator 72 of the Antarctic
environment theme. I also summarise how the findings from this work help to address key scientific
questions from the Scientific Committee on Antarctic Research (SCAR) Horizon Scan. Finally, I
provide recommendations for future Antarctic vegetation monitoring, with particular reference to
how the methods implemented in this thesis could improve the vegetation assessment for the
proposed Antarctic Near-shore and Terrestrial Observing System (ANTOS).

7.1 Continental Antarctic vegetation assessment summary
The results of this body of work have shown that East Antarctic vegetation, and in particular
Antarctic mosses, can respond relatively rapidly to changes in their immediate environment, even
though these species have very slow growth rates and very short growing seasons. Over the first
decade of monitoring, I have seen resilience in these plants, as they have used changes in their
protective pigments (becoming red in colour) to respond to environmental stressors and
subsequently “regreened” when conditions became more favourable. Despite this resilience, I have
seen a remarkable increase in the submergence-intolerant Ceratodon purpureus, along with an
increase in moribund moss turf. These changes are likely due to the long-term drying occurring in
the Windmill Islands region, and may be causing decreasing abundance of the Antarctic endemic,
Schistidium antarctici, in areas where it was previously overwhelmingly dominant. These changes
could be indicators that the impacts of climate change are reaching this remote region of the globe
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and management of these areas must take into account these small, but significant, vegetation
communities.
7.1.1 State of the Environment assessment summary
The results of this thesis will inform Australia’s next State of the Environment report, more
specifically: Indicator 72 of the Antarctic environment theme (SoE Committee 2011, Klekociuk and
Wienecke 2016, AADC 2017). This indicator assesses the dynamics of the terrestrial vegetation of the
Windmill Islands, and is the only indicator assessing vegetation on the Antarctic continent. A
summary of the changes in Windmill Islands vegetation from 2003 to 2008 was previously included
in the 2011 SoE report (SoE Committee 2011).
National State of the Environment reporting is an Australian requirement under law, following the
National Strategy for Ecologically Sustainable Development (ESD) (1992). A State of the Environment
(SoE) report must be released to Parliament every 5 years under the Environment Protection and
Biodiversity Conservation Act (1999). The aim of SoE reporting is to present key information on the
current state of the environment, environmental pressures and management initiatives to ministers,
relevant government departments and decision-makers, as well as the general public (SoE
Committee 2011).
Assessment summaries in the 2011 and 2016 State of the Environment reports were presented as
snapshots (Figure 7-1). A snapshot was included for the Macquarie Island terrestrial environment in
the 2011 SoE report, however, no snapshot was presented for Windmill Islands vegetation, although
a descriptive summary of changes from 2003 to 2008 was included in Box 7.3 (SoE Committee 2011).
The 2016 SoE report includes a general “Pressures affecting the Antarctic terrestrial environment”
assessment summary, which refers to Windmill Islands vegetation in both the “Changes in water
availability” and “Changes in wind patterns” components (Klekociuk and Wienecke 2016). I have
used the snapshot structure as the basis for presenting an updated assessment summary for the
Windmill Islands terrestrial vegetation communities, using the data presented in Chapters 5 and 6 of
this thesis (Table 7-1). Please note that Antarctic mosses have rarely been recorded producing
sporophytes for reproduction (Seppelt et al. 1992), thus all continental Antarctic vegetation
communities may receive an assessment grade of Poor due to operating well below maximal
reproductive capacity. However, I have chosen to assign a grade of Good, as this limitation to
reproductive output is inherent in these extreme environmental conditions, where reproduction is
primarily asexual. Thus, while they are operating at well below maximum sexual reproductive
capacity, they may be reproducing at a normal rate via vegetative dispersal and biomass increases.
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This slow, but normal, reproductive rate may even be high in Antarctica, relative to sites such as the
Dry Valleys.

Figure 7-1
Structure for the assessment summary of State of the Environment reporting indicators.
Taken from Australia’s 2011 State of the Environment report (SoE Committee 2011).
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Table 7-1
State and trends of continental Antarctic Terrestrial Vegetation Communities (SoE 72), based
on Australia’s State of the Environment reporting structure (SoE Committee 2011, Klekociuk and Wienecke
2016). These assessments were made based on the results presented in Chapters 5 and 6 of this thesis. See
Figure 7-1 for key.
Assessment grade
Confidence
Assessment
Summary
Very
Poor
Good Very
In
In
component
poor

Overall terrestrial
vegetation
assessment
Abundance of healthy
moss
Abundance of live
moss
Abundance of
S. antarctici

Abundance of
C. purpureus
Abundance of
B. pseudotriquetrum
Abundance of
crustose lichens
Abundance of
macrolichens
Water availability

good

grade

trend

Communities are changing to favour
desiccation tolerant species, with an
associated increase in moribund moss
Gradually recovering to baseline (2003)
health abundance, following a sudden
severe decline in 2008. Health is
currently lower than baseline.
Live moss is becoming increasingly
moribund.
Species endemic to Antarctica, models
indicate a decreasing abundance
associated with increasing C.
purpureus, although no change in
presence yet measured.
Cosmopolitan species, increasing in
abundance in the wettest reaches of
the vegetation communities.
Cosmopolitan species, variable
between seasons although apparently
healthy.
Crustose lichens have variable
responses between communities.
Macrolichens maintain a consistent
abundance.
Regional drying is occurring and there
is a reduction in the number of days
with available meltwater

Grading Statements:
Very poor: Vegetation component severely affected by change, barely functional.
Poor: Vegetation component is affected by changes and is operating well below maximal reproductive capacity,
structure and function of the component impaired.
Good: Vegetation component in adequate state, operating below maximal reproductive capacity.
Very good: Vegetation component in excellent state and unaffected by changes.

7.1.2 Addressing key questions from the Antarctic Horizon Scan
Antarctic science is vital to help understand global processes, with certain areas of scientific research
having more priority than others (Kennicutt et al. 2014, Kennicutt et al. 2015). A set of 80 key
research questions were agreed upon in 2014 by members of the Antarctic research community, and
published as the SCAR Antarctic and Southern Ocean Science Horizon Scan, to help to set
international Antarctic research priorities (Kennicutt et al. 2014, Kennicutt et al. 2015). My research
addresses three of these key scientific questions, and a summary of my findings as pertinent to the
Antarctic Horizon Scan priorities is presented in Table 7-2.
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Table 7-2
A summary of relevant findings from this thesis, addressing three key questions from the
SCAR Horizon Scan (Kennicutt et al. 2014, Kennicutt et al. 2015).
Horizon Scan Question
Findings from this study
48. Which ecosystems and food webs are Bryophyte-dominated communities appear to be among the most
most vulnerable in the Antarctic and
vulnerable, as these areas appear to be the most affected by the
Southern Ocean, and which organisms are regional drying trend, and the majority of changes are occurring
most likely to go extinct?
in these communities, rather than in those dominated by lichens.
The Antarctic endemic S. antarctici may be outcompeted by the
cosmopolitan species C. purpureus and B. pseudotriquetrum,
increasing the need for management to prevent the decline of
this species.
49. How will threshold transitions vary
At the individual shoot level, water availability thresholds vary by
over different spatial and temporal scales, species. Schistidium antarctici prefers wetter environments,
and how will they impact ecosystem
Ceratodon purpureus prefers drier environments, and Bryum
functioning under future environmental
pseudotriquetrum tolerates both. If bryophyte-dominated
conditions?
communities experience drying, species composition will likely
shift from S. antarctici-dominated, to dominated by C. purpureus
and B. pseudotriquetrum in areas formerly almost exclusively
populated by S. antarctici.

50. What are the synergistic effects of
multiple stressors and environmental
change drivers on Antarctic and Southern
Ocean biota?

At the community level, Antarctic vegetation communities vary in
composition and health across spatial and temporal scales
depending on the availability of water. Although a specific water
availability threshold is yet to be determined, such thresholds
exist for the transition from a bryophyte-dominated vegetation
community to a lichen-dominated vegetation community.
Antarctic moss communities transition between healthy (green),
and stressed (red) states due to thresholds in water availability
and other stress factors (such as increased UV and wind speed). If
stresses go beyond a “point of no return” threshold, the moss
communities become moribund (grey) and overgrown with
lichens. With the current drying trends, these vegetation
communities could, in future, transition from bryophytedominated to lichen-dominated communities, and indeed this is
already occurring over longer time frames.
Multiple stressors cause moss turf to become stressed, and then
moribund, if the stress is intense or prolonged enough. This could
cause significant loss of healthy bryophyte communities and
increase of lichen-encrusted, moribund communities.
Examples of stressors of high relevance to bryophyte
communities include: reduced water availability due to declining
snow and ice reserves, altered patterns of ice-free areas and
connectivity to snow banks, changes to wind patterns caused by
ozone depletion and climate change, and increased UV-B
radiation.
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7.2 Recommendations for future Antarctic vegetation monitoring
Antarctic vegetation monitoring programs will likely be more common across the entire region in
coming years, as there is now more awareness of the need for monitoring the responses of these
unique ecosystems to climate change and human impacts. Vegetation monitoring methodologies
must be adapted to suit the extreme environmental conditions in Antarctica. Fieldwork must be kept
to a minimum, in order to ensure that researchers can complete the required field sampling during a
field season, knowing that extreme Antarctic weather conditions often hinder planned field
campaigns. Destructive sampling must also be kept to a minimum, in order to comply with Antarctic
Treaty principles designed to protect these fragile ecosystems.
The Antarctic Near-shore and Terrestrial Observing System (ANTOS) Expert Group was formed to
establish a standardised, integrated and coordinated international environmental monitoring
network across the entire Antarctic region (ANTOS Expert Group 2016). The ANTOS framework was
designed as a 3-tiered cost/complexity approach, to ensure that there are low cost options for
national programmes with limited funding, as well as higher cost options for national programmes
with higher funding inputs and more complex monitoring goals. ANTOS monitoring will track
changes in biodiversity, weather, soil geochemistry and other environmental variables at biologically
relevant scales (ANTOS Expert Group 2016). Prior to implementing any vegetation sampling protocol
across Antarctica, however, I believe that consultation with Antarctic national programs should be a
priority. The researchers who already study Antarctic vegetation should discuss the costs, benefits
and practicality of their own vegetation sampling methodologies in relation to their own vegetation
communities, as well as the applicability of such methodologies to monitor the various different
types of vegetation communities across Antarctica. It is likely that what will work in the Dry Valleys
may not work in the Maritime Antarctic, and vice versa. Only through discussion between
researchers from different national programs can an efficient and generalised vegetation monitoring
methodology protocol be agreed upon. This is not likely to be a “one size fits all” protocol, and it is
likely that the methodologies would need to be adapted to suit the different ecosystem types across
Antarctica, whilst maintaining a core sampling protocol for comparison of data between different
regions.
My recommendations for future Antarctic vegetation monitoring programs are based on my
experience with Windmill Islands vegetation communities, and designed to align with the ANTOS
framework, which uses nzTABS vegetation surveying protocols (ANTOS Expert Group 2016). The
nzTABS style surveying methodology (Table 7-3) involves laying out a 20 m transect along a
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representative section of vegetation, with the survey area extending 1 m to either side of this
transect (a total of 40 m2) (C. Cary, pers. comm. 2017). In the case that vegetation cover is > 1% of
the survey area, only 8 m2 of the total area is to be surveyed (in blocks of 2 m2; at 4–5 m, 9–10 m,
14–15 m and 19–20 m along the transect). Across the survey area, the distribution of vegetation is
assessed, and cover estimated in 10 cm by 10 cm units for each vegetation type (eg. moss, lichen,
cyanobacteria etc.). In order to determine vegetation composition, species identifications are
performed in the field, using a species identification field guide. Moss specimens are also collected
for further confirmation of species identification. This methodology was designed for use in the
Antarctic Dry Valleys, where for ~75% of sampling points, vegetation cover is < 1% and
predominantly covered by lichens (C. Cary, pers. comm. 2017). For the ANTOS protocol, the higher
cost tiers will also involve the use of Pulse-Amplitude-Modulation fluorometers (PAMs) to measure
photosynthetic efficiency for the assessment of biological activity as an indication of vegetation
health (ANTOS Expert Group 2016).
Whilst this protocol may be sufficient for its current use in the Antarctic Dry Valleys, I believe that it
is more difficult to identify individual bryophyte species in the field in regions such as the Windmill
Islands. In this region, it can be difficult to determine whether moss turf is composed of Schistidium
antarctici or Ceratodon purpureus in the field, and samples must be returned to the lab for
microscopic analysis and species identification. The vegetation communities in this region are also
highly mixed, and shoots of the three moss species (S. antarctici, C. purpureus and Bryum
pseudotriquetrum) found in the region can be identified growing together within a single
microsample (3 x 3 mm of vegetation). For this reason, I have found microsampling to be the best
way to assess species composition and relative abundance (which, with our newly developed
modelling methods can be estimated from presence absence, see Ashcroft et al. 2017 in Appendix
9.7.2, as well as Chapters 5 and 6 of this thesis) in these communities.
I have also found that vegetation communities within the Windmill Islands sites exhibit change at
different rates, with the wettest (Bryophyte) community exhibiting the fastest change and the driest
(Lichen) community exhibiting very little change (see Chapter 5). In order to determine changes in
each individual vegetation community, sampling must be undertaken within each community. To
encompass the entire community gradient at my sites, transects extended 20–74 m in length at
ASPA 135 and 60–70 m in length at Robinson Ridge, with 3 quadrats placed along each transect (at
the beginning, end and somewhere in the middle of the transect, according to visible vegetation
community type; see section 2.2). The nzTABS 20 m transect is therefore likely to be insufficient to
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represent the vegetation gradient at all sites across Antarctica. In order to address this, multiple
transects are likely to be required at a single site, perhaps one transect per vegetation community
type or transects spanning the transitions between vegetation community types. Alternatively,
quadrats could be used instead of or in addition to the nzTABS style 20 m transects, as I have found
that the use of multiple 25 x 25 cm quadrats is sufficient to determine vegetation cover, health and
species composition in the Windmill Islands. A further issue that must be considered in relation to
the establishment of long-term monitoring transects to be assessed in the nzTABS style is access, ie.
in order to prevent damage, moss turf must never be trampled, thus all sampling in the Windmill
Islands occurs from adjacent rocks, and there are areas which are inaccessible for sampling due to a
large stand of moss turf without rocks on which to stand. These issues can be somewhat alleviated
through the use of unmanned aerial systems (UASs) carrying multispectral sensors to assess
vegetation health, however there are still many limitations of UAS use in Antarctica which need to
be overcome, including poor battery performance, wind gusts, automatic navigation issues, and the
requirement for ground control and field measurements for calibration and data validation
(Malenovský et al. 2017, see Appendix 9.7.3). In future, improvements in sensors and UAS platforms
should make assessment of larger areas far more feasible (Malenovský et al. 2017, see Appendix
9.7.3).
Estimation of percent cover in the field is quite time consuming, and working in the field for
extended periods in Antarctica can be quite uncomfortable. In order to minimise time spent in the
field, but still assess vegetation cover and health, I developed a method of semi-automated
vegetation health classification using object-based image analysis (OBIA, see Chapter 3). The results
of this analysis are similar to that of an expert doing grid-based percent cover estimates, and are not
subject to variations in estimates due to user fatigue and discomfort in the field. As taking
photographs of vegetation in the field is quite fast, this can be incorporated into all cost levels of the
ANTOS framework, although the method of analysis will vary based on cost (Table 7-3). Regardless
of cost, photographic monitoring of vegetation distribution and health at the whole site level, as well
as at the smaller scale of quadrats or areas of interest, will allow for future change comparisons as
well as keeping a record of past biodiversity. The size of the photographs used depends on the
resolution required to be able to detect changes in vegetation cover and health, ranging from the
25 cm x 25 cm quadrats used here, to 1 m x 1 m quadrats used in Victoria Land (Brabyn et al. 2006).
In order to make sampling fast and effective, and to comply with Antarctic Treaty principles, the
methodology that has been developed for the long-term monitoring of Windmill Islands vegetation:
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requires minimal time in the field (Table 4-5, see section 4.4); involves minimal destructive sampling
(see section 4.2); and can be modified into a 3-tiered approach to fit the existing ANTOS framework
(Table 7-3). Here, I suggest adding microsampling into the existing protocol for determining species
composition and abundance across all tiers. Photographic monitoring is also recommended across all
tiers, with analysis varying based on cost. In the lowest cost tier, the images can simply be assessed
by doing standard grid-based visual percent cover estimates. At the higher cost tiers, the semiautomated analysis using OBIA techniques can be utilised, either by researchers sending away the
images to be analysed at an institution with an expert in the appropriate software (eCognition), or
by purchasing the software and running the analysis themselves. Future improvements in
methodology (for example the use of machine learning algorithms, etc.), may make this
methodology more openly accessible. The higher cost tiers may also benefit from using UASs
carrying multispectral sensors to determine vegetation distribution, chlorophyll content and health
across an entire site (as in Malenovský et al. 2017, see Appendix 9.7.3), as well as fixed point snow
monitoring cameras to inform water availability estimates.
UASs can also be extremely useful for mapping the microtopography of sites, for example in order to
estimate relative water availability across a site (as in Lucieer et al. 2014, see Appendix 9.7.1). As the
source of available water in Antarctica is almost exclusively snow (both fresh falling snow and windblown snow) (Lucieer et al. 2014, see Appendix 9.7.1), fixed point cameras to monitor snow, similar
to those used for penguin monitoring by Newbery and Southwell (2009) or those used in the
AMIGOS monitoring system by Scambos et al. (2013), could also be very useful in the highest cost
ANTOS tier. As water availability is one of the main determinants of Antarctic vegetation health
(Kappen et al. 1989, Wasley et al. 2006b), the use of UAS and snow monitoring cameras in unison
should enable a fairly good estimate of water availability across a site for each summer season,
allowing better monitoring and analysis of how snow dynamics affect Antarctic vegetation
communities. Snow monitoring cameras can, however, be quite costly and may not be approved for
installation in Antarctic Specially Protected Areas, due to the need for installation of some kind of
infrastructure (eg. a pole or tower) on which to mount the cameras.
In contrast to these higher cost snow monitoring methods, the proposed vegetation monitoring
methods are quite cost effective, with the main cost associated with microsampling and
photographic monitoring being the time required for analysis. Approximately five months of analysis
is required for species identification by microscopy and semi-automated OBIA classification of
photographs (Table 4-5, see section 4.4), and these costs are typically significantly lower than those
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required to maintain experts in Antarctica for the extended periods needed to complete field-based
species identification and traditional field-based cover estimation techniques. Both methodologies
suggested here, species sampling and OBIA classification, should be able to be adapted for use in
other Antarctic regions. Lichen-dominated communities can, however, be difficult to monitor using
the OBIA methods, due to the colouring of some Antarctic lichen species being quite similar to the
surrounding rocks and gravel. Due to the differences in vegetation community rates of change, it is
likely most practical to monitor bryophyte-dominated communities every five years and lichendominated communities only once every decade. As the moss-dominated communities in the
Windmill Islands have been monitored at varying intervals throughout a decade, we have observed
that these communities can be variable from year to year, and monitoring too frequently may lead
to excessive variability in the data obtained, without providing much additional evidence for longterm change. Monitoring bryophyte-dominated communities more frequently than every five years
may be necessary if communities are observed to change rapidly, however, with annual or bi-annual
monitoring the costs (in time, resources and funding) may outweigh the benefits (observations of
change). In future, DNA-based vegetation sampling might also be a more efficient method of species
identification, in addition to the soil microbiota metagenomics which is currently part of the nzTABS
protocol implemented in the Antarctic Dry Valleys (Cary et al. 2010, Chown et al. 2015).
The incorporation of these microsampling and photographic monitoring methodologies into the
existing nzTABS style ANTOS protocol (Table 7-3) will enable easier detection of change within
bryophyte-dominated communities throughout the Antarctic region, such as those in the Windmill
Islands and the maritime Antarctic. It should be noted, however, that these methodologies are only
suggestions for improvements on the existing protocol, and may not be useful in areas with lower
proportions of bryophytes within the vegetation community, such as the Dry Valleys. There is such a
wide range of bryophyte community types throughout Antarctica (eg. <1% cover in the Dry Valleys,
10-70% in the Windmill Islands, 80-100% in maritime Antarctica), that it is inherently difficult to
design a ‘one size fits all’ monitoring approach.
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Table 7-3
Terrestrial biodiversity monitoring components of the ANTOS framework 3-tiered
cost/complexity approach. $ represent approximate relative cost of each tier. Adapted from ANTOS Expert
Group (2016).
ANTOS Tier,
ANTOS terrestrial biodiversity monitoring My suggested improvements/ additions to the
extent and
components
ANTOS protocol
relative cost
ANTOS Tier 1 Basic local survey:
Incorporate:
local
 Composition
 Bryophyte microsampling – for species
($)
composition and relative abundance
 Distribution
 Photographic monitoring – ideally taking
 Basic vegetation mapping
photographs at set points around a site (to
record vegetation distribution across site);
and photographs of specific areas of
vegetation (eg. quadrats or areas of
interest), can then assess vegetation cover
from photographs using standard gridbased cover estimation techniques
ANTOS Tier 2 Complete survey (nzTABS style: 10 yearly) Incorporate:
local
 Composition
 Bryophyte microsampling – as in Tier 1
($$)
 Distribution
 Photographic monitoring – as in Tier 1, but
using semi-automated classification
 Comprehensive vegetation mapping
techniques to assess vegetation cover
(5 yearly)
 UAS mapping of vegetation distribution
ANTOS Tier 3 Complete survey (nzTABS regional style)
Incorporate:
regional
 Comprehensive composition survey
 Bryophyte microsampling
($$$$)
 Distribution
 Photographic monitoring – as in Tier 2
 Comprehensive vegetation mapping
 UAS mapping of vegetation distribution,
(5 yearly)
chlorophyll content and vegetation health
Spectral mapping
(as in Malenovský et al. 2017, see
Population genetic survey
Appendix 9.7.3)
 Fixed point snow monitoring cameras

7.2.1 Vegetation management
Monitoring to determine changes in Antarctic vegetation communities is vital, however simply
monitoring is not sufficient. These data must be used to inform management of Antarctic
ecosystems. A number of potential management actions may be taken to preserve these vegetation
communities, however decisions must be made as to whether these options are feasible, practical
and suitable for the region, or whether they are unnecessary. Do these communities need to be
preserved as they are now, or as they were in the past, or are we willing to allow them to change? If
a species is observed to be in decline, what steps are we willing to take to preserve that species and
that community?
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Vegetation monitoring through the ANTOS network may lead to the redesignation of existing
Antarctic Specially Protected Areas (ASPAs) or the designation of new ASPAs in order to protect
biodiversity. Currently, the ASPA network is not representative of the biodiversity of Antarctic
vegetation, with just two of the 16 Antarctic Conservation Biogeographic Regions (ACBRs) containing
74% of all ASPAs designated for the protection of biodiversity. Management plans are already in
place for ASPAs, declaring the management objectives for the ASPA, as well as the management
activities to be undertaken to protect the values of the ASPA (eg. ASPA 135, Measure 6, ATCM XXXVI
2013). Similar management plans should be implemented for sites in the ANTOS network. These
management plans should indicate what types of interventions may and may not be used at a
particular site.
If interventions are deemed necessary in order to preserve Antarctic vegetation communities, these
interventions are likely to involve preventing and/or removing invasive species (a key threat to
Antarctic conservation; McGeoch et al. 2015) or altering water availability (as water is a key limiting
factor for growth of Antarctic vegetation; Kennedy 1993a). Reducing station and research impacts is
key for Antarctic vegetation conservation, and is already being implemented to varying extents
across the region. Altered water flow due to station activities may be impacting water availability for
vegetation communities, for example at Casey where the station water supply may be reducing the
water available to the moss beds located behind the Red Shed (S. Robinson pers. comm.). Where
water availability has been reduced, this may be improved by altering snow dynamics by putting in
snow fences or moving snow to provide more meltwater to vegetation communities, for example it
has been noted that moss beds have grown near to where snow piles have been created by
bulldozers around Casey station (S. Robinson pers. comm.). In the case that a species is at risk of
becoming locally extinct, it may be worth considering transplanting the species to an area with an
improved microhabitat. It is likely, however, to be quite difficult to implement some of these
measures in the Antarctic region, due to the principles set out in the Antarctic Treaty and protected
area network.

7.3 Conclusions
The need for long-term monitoring is receiving greater recognition as awareness of climate change is
increasing worldwide. Monitoring of Antarctic vegetation communities provides an indication of how
these communities, which have experienced minimal direct human impacts, are affected by changes
to the global climate system. The use of methods such as photographic monitoring of vegetation
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cover and health, in addition to microsampling for species identification and abundance allows
Antarctic researchers to detect change in these fragile, slow-growing communities without causing
irreversible damage to the ecosystem. These methods also minimise the required amount of field
work, which can often be extremely cold and uncomfortable in Antarctic conditions. In order to
detect changes in distribution and abundance of cryptogamic vegetation, these sampling techniques
should be incorporated into the existing Antarctic Near-shore and Terrestrial Observing System
(ANTOS) protocols across Antarctica.
Overall, the health of vegetation communities in the Windmill Islands, East Antarctica is slowly
declining in association with a regional drying trend due to uplift and likely exacerbated by climate
change, particularly the more positive Southern Hemisphere Annular Mode (SAM; Robinson and
Erickson 2015). These slow-growing vegetation communities are changing more rapidly than was
previously presumed, particularly in the wettest, bryophyte-dominated communities. The
abundance of live moss in the bryophyte-dominated communities decreased throughout the decade
of monitoring, with an associated increase in moribund moss. Moss health exhibited a sudden,
severe decline in 2008, followed by recovery at both sites in both the Bryophyte and Transitional
communities. Recovery has been quicker and more complete at ASPA 135, whereas health has only
recovered to two-thirds of baseline levels at Robinson Ridge. The cosmopolitan species Ceratodon
purpureus has substantially increased presence and modelled abundance in the bryophytedominated community. Where prior to 2003 it was previously never observed, C. purpureus is now
present in more than 20% of samples. As direct competitors for resources, the increase of this
cosmopolitan moss species has been associated with a decreased modelled abundance of the
Antarctic endemic moss species Schistidium antarctici in the bryophyte-dominated community since
the monitoring program began, although no change in the presence of S. antarctici per quadrat has
yet been observed.
As regional drying continues, it is likely that these trends will continue in the Windmill Islands,
particularly affecting the wettest, bryophyte-dominated communities first, followed by the
Transitional communities. Lower water availability will cause increased stress responses in these
Antarctic vegetation communities, leading to decreased health and increased abundance of
moribund moss. The Antarctic endemic S. antarctici must increasingly compete for resources with
the cosmopolitan C. purpureus, causing decreased abundance of S. antarctici and increasing the
need for management to prevent the decline of this endemic species. Further drying could
eventually cause a shift from bryophyte-dominated vegetation communities to those dominated by
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lichens and moribund moss, leading to the loss of some of the best developed, most extensive plant
communities in continental Antarctica. Continued monitoring of terrestrial vegetation in this region
is of utmost importance for effective management of vegetation in the Windmill Islands, including
two Antarctic Specially Protected Areas (ASPA 135 and 136).
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9 Appendices
9.1 Testing proxies for moss moisture content
As turf water content (TWC) measurements are too destructive for use in a long-term monitoring
system, proxies were assessed to determine which type of material showed the best correlation with
TWC in the field. These trials were conducted on Ceratodon purpureus turf, at the University of
Wollongong, Australia.

9.1.1

Comparison of moss turf water content (TWC) with a sponge proxy community
water content (CWC)

Moss turf water content (TWC) was compared with a sponge proxy community water content
(CWC). TWC was determined by wet/dry weights of a cubic centimetre of moss turf, whilst CWC was
determined by wet/dry weight of sponges submerged within the moss turf for 24h.

10

CWC (gH2O gdwt-1)

y = 0.5629x + 1.1704
R² = 0.7162

1
0.01

0.1

1

0.1

TWC (gH2O gdwt-1)
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9.1.2

Comparison of different media to be used as proxies (CWC) for moss turf water
content (TWC) assessments

Four different media were trialled as proxies for turf water content. TWC was determined by
wet/dry weights of a cubic centimetre of moss turf, whilst CWC was determined by wet/dry weight
of different media (felt, pompoms, two different grades of filter paper) submerged within the moss
turf for 24h. An assessment of the pros and cons for each media is tabulated below.
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1
0.01

0.1

1

10

CWC (gH2O gdwt-1)

Felt CWC
Pompom CWC

0.1

Filter Paper 1 CWC
Filter Paper 2 CWC

0.01

R² = 0.9228

Linear (Felt CWC)

R² = 0.769

Expon. (Pompom CWC)

R² = 0.7732

Linear (Filter Paper 1 CWC)

R² = 0.6091

Linear (Filter Paper 2 CWC)

0.001

TWC (gH2O gdwt-1)
Medium for water content
assessment
3
Moss turf cores (1 cm )
3

Pros

Cons

Accurate measurement of moss
TWC

Destructive assessment leaving
holes in the moss turf, which may
not recover
Doesn’t work so well with very dry
water contents (sponge doesn’t
soak up tiny amounts of water) or
very wet water contents (sponge
saturates)
Felt leaves behind threads in the
moss turf, which is a problem in a
protected area such as ASPA 135
Pompom also leaves behind
threads in the moss turf, which is a
problem in a protected area such
as ASPA 135
Filter paper tended to disintegrate
at very wet water contents and
was also very fragile when frozen,
making recovery extremely
difficult; paper was left behind in
the moss turf, which is a problem
in a protected area such as ASPA
135

Sponge cores (1 cm )

Correlates well with moss TWC;
easy to implement; nondestructive

2

Correlates very well with moss
TWC; easy to implement; nondestructive
Correlates well with moss TWC;
easy to implement; nondestructive

Felt (1 cm , ~2mm thick)
3

Pompom (1 cm )

2

Filter Papers 1 & 2 (1 cm )

Correlate well with moss TWC;
non-destructive
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9.2 Community Water Content (2003–2013)
Community water content (CWC) is only a 24h spot measurement of water availability in any given
season. This is highly variable and affected by temperature and precipitation on the day of
measurement. For these reasons, it is not considered a robust measurement of change in water
availability between seasons. Data was, however, collected in each field season, and is presented

Mean CWC (gH2O gdwt-1)

below.
14

Year

12

2003

10

2008
2011

8

2012

6

2013

4
2
0
Bryophyte

Transitional
ASPA 135

Lichen

Bryophyte

Transitional

Robinson Ridge
Site, Vegetation Community
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Lichen

9.3 Full eCognition ruleset
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9.4 SIMPER Similarity Results for Baseline (2003) vegetation analyses
9.4.1

Vegetation Cover

Baseline (2003) vegetation cover SIMPER similarity within each community a,c) Bryophyte and
b,d) Transitional; for each site a-b) ASPA 135 and c-d) Robinson Ridge. Values have been rounded to integers.

a)
ASPA 135 Bryophyte Category
Healthy

Av.Abund
(% presence)
84

Av.Sim

Sim/SD

Contrib%

Cum.%

78

8

92

92

Av.Sim

Sim/SD

Contrib%

Cum.%

41

3

57

57.03

b)

Moribund

Av.Abund
(% presence)
50

Healthy

30

20

3

28

85

Stressed

16

9

1

12

97

c)
Robinson Ridge Bryophyte
Category
Healthy

Av.Abund
(% presence)
74

Av.Sim

Sim/SD

Contrib%

Cum.%

68

6

85

85

Moribund

9

6

2

8

92

d)
Robinson Ridge Transitional
Category
Moribund

Av.Abund
(% presence)
44

Av.Sim

Sim/SD

Contrib%

Cum.%

37

4

47

47

Healthy

43

34

4

44

91

ASPA 135 Transitional Category
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9.4.2

Species Composition

Baseline (2003) species composition SIMPER similarity within each community a,d) Bryophyte, b,e) Transitional
and c,f) Lichen; for each site a-c) ASPA 135 and d-f) Robinson Ridge.

a)

S. antarctici

Av.Abund
(% presence)
90

B. pseudotriquetrum

43

17

2

22

88

Moribund

16

5

1

6

95

Av.Sim

Sim/SD

Contrib%

Cum.%

ASPA 135 Bryophyte Category

Av.Sim

Sim/SD

Contrib%

Cum.%

51

5

66

66

b)

Moribund

Av.Abund
(% presence)
70

21

4

30

30

C. purpureus

71

20

2

29

59

Crustose

67

19

3

27

86

B. pseudotriquetrum

40

7

1

10

96

Av.Sim

Sim/SD

Contrib%

Cum.%

26

4

35

35

ASPA 135 Transitional Category

c)

Fruticose

Av.Abund
(% presence)
53

Crustose

50

22

4

31

66

Moribund

44

18

2

24

90

d)
Robinson Ridge Bryophyte
Category
S. antarctici

Av.Abund
(% presence)
80

Av.Sim

Sim/SD

Contrib%

Cum.%

50

4

75

75

Moribund

17

6

1

10

84

Crustose

17

5

1

8

92

e)
Robinson Ridge Transitional
Category
Moribund

Av.Abund
(% presence)
76

Av.Sim

Sim/SD

Contrib%

Cum.%

26

5

35

35

Crustose

73

24

4

32

67

B. pseudotriquetrum

50

14

2

19

86

C. purpureus

29

6

1

8

95

Av.Sim

Sim/SD

Contrib%

Cum.%

25

2

43

43

ASPA 135 Lichen Category

f)

Fruticose

Av.Abund
(% presence)
47

Crustose

44

18

3

31

75

Moribund

38

12

1

20

95

Robinson Ridge Lichen Category
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9.5 Data replacement calculations
Missing data and outliers in vegetation cover were replaced to meet the assumptions of the one-way
repeated measures ANOVA.
9.5.1 Missing Data
For the 2 missing quadrats in 2013, vegetation cover was approximated based on the 2013 mean for
the appropriate community, adjusted according to how much that quadrat tended to differ from the
community mean for that vegetation category.
Missing data replacement value = meanC,Y * (1+dQC)
Where Q = quadrat, C = community and Y = year for all non-missing data years; and quadrat
difference from community mean in a particular year:
dQC,Y = QC,Y – meanC,Y

9.5.2 Outlier Replacement
Vegetation cover outliers were replaced by less extreme values, in order to meet the assumptions of
the one-way repeated measures ANOVA and retain rank order of data. Other traditional transforms
(log, etc.) were attempted prior to outlier replacement, but were insufficient for this data set.
Outliers were approximated based on the community mean for the appropriate year, adjusted
according to how much that quadrat tended to differ from the community mean for that vegetation
category.
Missing data replacement value = meanC,Y * (1+dQC)
Where Q = quadrat, C = community and Y = year; and quadrat difference from community mean in a
particular year:
dQC,Y = QC,Y – meanC,Y
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9.6 R Scripts for Chapter 6
9.6.1

Fig2_Model.txt

model
{
## This is an R2OpenBUGS model. It is a Bayesian model used by the R script to estimate
## the change in relative abundance of 3 species and moribund (dead or dying) moss
## over time.

## In the Robinson et al. paper there are up to 10 quadrats in each year, and samples
## have been taken in 2000, 2003, 2008, 2011, 2012 and 2013.

## In each quadrat in each year, there were 9 small samples of moss collected. These
## samples are small tweezer pinches (~ 30 shoots), which are very small compared
## compared to the number of shoots in the quadrat because we are trying to have
## minimal impact on these slow growing communities.

## If 1 shoot is sampled at random from a quadrat then the probability that it is from
## species X is equal to the relative abundance (ra) of that species:
##

p(X) = ra(X) = 1 - (1-ra(X)) ^ 1

## If 30 shoots are sampled independently then the probability species X is sampled
## is equal to 1 - probability that none are species X:
##

p(X) = 1 - (1-ra(X)) ^ 30

## However, if we sample a pinch then the shoots are nearby and will be spatially
## autocorrelated and will not be completely independent.
## In this script we therefore assume the relationship between observed presence
## and relative abundance is:
##

p(X) = 1 - (1- ra(X)) ^ Y
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## where Y is between 1 (30 shoots are all pseudoreplicates) and 30 (all shoots are
## independent). We let the model determine which Y is most likely given the observed
## data. Y is assumed to be constant for all samples, all years and all species in
## this study.

## prior expectation for Y - uninformative
Y ~ dunif(1,30)

## The model is based around a mean relative abundance (ra) for each species
## in each year, with individual quadrats based on this mean and an unknown
## variance. To ensure the ra for each quadrat remain between 0 and 1 we need
## a logit transform - but this creates problems with variance. As the ra
## appraoches 0 or 1 the logit(ra) becomes large and the variance therefore
## can become very large.

## In this script we assume there is a constant relationship between the logit
## mean ra and the variance. To define this relationship we need to define two
## positive coefficients, a and b. Data will determine which coefficients are
## most appropriate.
a ~ dgamma(1, 1)
b ~ dgamma(1, 1)
for (yr in 1:num.years)
{
## mean abundances of each species (may not sum to 100%)
mean.abund.bryum[yr] ~ dunif(0, 1)
mean.abund.cerat[yr] ~ dunif(0, 1)
mean.abund.schist[yr] ~ dunif(0, 1)
mean.abund.mori[yr] ~ dunif(0, 1)
mean.tot.abund[yr] <- mean.abund.bryum[yr] +
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mean.abund.cerat[yr] +
mean.abund.schist[yr] +
mean.abund.mori[yr]
## mean scaled abundances such that the species do sum to 100%
mean.ra.bryum[yr] <- mean.abund.bryum[yr] / mean.tot.abund[yr]
mean.ra.cerat[yr] <- mean.abund.cerat[yr] / mean.tot.abund[yr]
mean.ra.schist[yr] <- mean.abund.schist[yr] / mean.tot.abund[yr]
mean.ra.mori[yr] <- mean.abund.mori[yr] / mean.tot.abund[yr]
logit.mean.ra.bryum[yr] <- logit(mean.ra.bryum[yr])
logit.mean.ra.cerat[yr] <- logit(mean.ra.cerat[yr])
logit.mean.ra.schist[yr] <- logit(mean.ra.schist[yr])
logit.mean.ra.mori[yr] <- logit(mean.ra.mori[yr])
## assume variance increases as mean ra appraoches 0 or 1
var.bryum[yr] <- a + b * pow(logit.mean.ra.bryum[yr], 2)
var.cerat[yr] <- a + b * pow(logit.mean.ra.cerat[yr], 2)
var.schist[yr] <- a + b * pow(logit.mean.ra.schist[yr], 2)
var.mori[yr] <- a + b * pow(logit.mean.ra.mori[yr], 2)
prec.bryum[yr] <- 1 / var.bryum[yr]
prec.cerat[yr] <- 1 / var.cerat[yr]
prec.schist[yr] <- 1 / var.schist[yr]
prec.mori[yr] <- 1 / var.mori[yr]

for (quad in 1:num.quadrats[yr])
{
### abundances of each quadrat - may not sum to 100%
logit.abund.bryum[yr,quad] ~ dnorm(logit.mean.ra.bryum[yr],
prec.bryum[yr])
logit.abund.cerat[yr,quad] ~ dnorm(logit.mean.ra.cerat[yr],
prec.cerat[yr])
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logit.abund.schist[yr,quad] ~ dnorm(logit.mean.ra.schist[yr],
prec.schist[yr])
logit.abund.mori[yr,quad] ~ dnorm(logit.mean.ra.mori[yr],
prec.mori[yr])
abund.bryum[yr,quad] <- ilogit(logit.abund.bryum[yr,quad])
abund.cerat[yr,quad] <- ilogit(logit.abund.cerat[yr,quad])
abund.schist[yr,quad] <- ilogit(logit.abund.schist[yr,quad])
abund.mori[yr,quad] <- ilogit(logit.abund.mori[yr,quad])

tot.abund[yr,quad] <- abund.bryum[yr,quad] + abund.cerat[yr,quad] +
abund.schist[yr,quad] + abund.mori[yr,quad]

ra.bryum[yr,quad] <- abund.bryum[yr,quad] / tot.abund[yr,quad]
ra.cerat[yr,quad] <- abund.cerat[yr,quad] / tot.abund[yr,quad]
ra.schist[yr,quad] <- abund.schist[yr,quad] / tot.abund[yr,quad]
ra.mori[yr,quad] <- abund.mori[yr,quad] / tot.abund[yr,quad]

## if pinches are small we can approximate probability of presence in pinch
prob.pres.bryum[yr,quad] <- 1 - pow(1-ra.bryum[yr,quad],Y)
prob.pres.cerat[yr,quad] <- 1 - pow(1-ra.cerat[yr,quad],Y)
prob.pres.schist[yr,quad] <- 1 - pow(1-ra.schist[yr,quad],Y)
prob.pres.mori[yr,quad] <- 1 - pow(1-ra.mori[yr,quad],Y)

## our observations then reflect 9 binomial pinches
obs.bryum[yr,quad] ~ dbin(prob.pres.bryum[yr,quad],num.pinches)
obs.cerat[yr,quad] ~ dbin(prob.pres.cerat[yr,quad],num.pinches)
obs.schist[yr,quad] ~ dbin(prob.pres.schist[yr,quad],num.pinches)
obs.mori[yr,quad] ~ dbin(prob.pres.mori[yr,quad],num.pinches)
}
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}

ra.inc.bryum[1] <- 0
ra.inc.cerat[1] <- 0
ra.inc.schist[1] <- 0
ra.inc.mori[1] <- 0

for (yr in 2:num.years)
{
ra.inc.bryum[yr] <- mean.ra.bryum[yr] - mean.ra.bryum[1]
ra.inc.cerat[yr] <- mean.ra.cerat[yr] - mean.ra.cerat[1]
ra.inc.schist[yr] <- mean.ra.schist[yr] - mean.ra.schist[1]
ra.inc.mori[yr] <- mean.ra.mori[yr] - mean.ra.mori[1]
}
}
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9.6.2

Fig2_script.txt

require(R2OpenBUGS)

workingdir <- "H:/Papers/VegetationChange/SuppMat/"
model.file.name <- paste(workingdir, "Fig2_Model.txt", sep="")
data.file.name <- paste(workingdir, "Fig2_MossData.csv", sep="")
ra.output.file.name <- paste(workingdir, "Fig2_Output.csv", sep="")

data <- read.csv(data.file.name)
## choose whether to do ASPA or Robbos
data.subset <- data[which(data$SiteType == "AB"),]
#data.subset <- data[which(data$SiteType == "RB"),]

## constants for the model
num.pinches <- 9
num.years <- length(unique(data.subset$Year))
years <- as.numeric(unique(data.subset$Year))
max.quadrats <- 10

## fill in tables of observations
num.quadrats <- rep(0, num.years)
obs.bryum <- rep(0, num.years * max.quadrats)
dim(obs.bryum) <- c(num.years, max.quadrats)
obs.schist <- obs.mori <- obs.cerat <- obs.bryum
for (i in 1:num.years)
{
year.subset <- data.subset[which(data.subset$yearnum == i),]
num.quadrats[i] <- dim(year.subset)[1]
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obs.bryum[i, 1:num.quadrats[i]] <- year.subset$Bryum[1:num.quadrats[i]]
obs.cerat[i, 1:num.quadrats[i]] <- year.subset$Ceratodon[1:num.quadrats[i]]
obs.schist[i, 1:num.quadrats[i]] <- year.subset$Schistidium[1:num.quadrats[i]]
obs.mori[i, 1:num.quadrats[i]] <- year.subset$Moribund[1:num.quadrats[i]]
}

# initial values for model
inits<-function()
{
list(

mean.rel.cov.bryum=rep(0.25,num.years),
mean.rel.cov.cerat=rep(0.25,num.years),
mean.rel.cov.schist=rep(0.25,num.years),
mean.rel.cov.mori=rep(0.25,num.years),
prec.bryum = rep(0.01,num.years),
prec.cerat = rep(0.01,num.years),
prec.schist = rep(0.01,num.years),
prec.mori = rep(0.01,num.years))

}

# the parameters that will be returned from the model
parameters<-list("mean.ra.bryum", "ra.inc.bryum", "mean.ra.cerat", "ra.inc.cerat",
"mean.ra.schist", "ra.inc.schist","mean.ra.mori", "ra.inc.mori",
"prec.bryum", "prec.cerat", "prec.schist", "prec.mori",
"Y", "a", "b")

model.data<-list("obs.bryum","obs.cerat", "obs.schist", "obs.mori",
"num.pinches", "num.years","num.quadrats")

# This runs the model
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Bayes.fit<- bugs(model.data, inits, parameters, model.file = model.file.name,
n.chains = 3, n.iter = 30000, digits = 7)

outputdata <- Bayes.fit$summary
## identify the columns of interest for 95% CI
mean.col.num <- which(colnames(outputdata) == "mean")
low.ci.col.num <- which(colnames(outputdata) == "2.5%")
high.ci.col.num <- which(colnames(outputdata) == "97.5%")

## identify rows of interest
mean.ra.schist <- outputdata[grep("mean.ra.schist",rownames(outputdata)),]
mean.ra.cerat <- outputdata[grep("mean.ra.cerat",rownames(outputdata)),]
mean.ra.bryum <- outputdata[grep("mean.ra.bryum",rownames(outputdata)),]
mean.ra.mori <- outputdata[grep("mean.ra.mori",rownames(outputdata)),]

raoutputdata <- NULL
for (i in 1:num.years)
{
raoutputrow <- data.frame(year = years[i],
mean.ra.schist = mean.ra.schist[i, mean.col.num],
mean.ra.bryum = mean.ra.bryum[i, mean.col.num],
mean.ra.cerat = mean.ra.cerat[i, mean.col.num],
mean.ra.mori = mean.ra.mori[i, mean.col.num],
low.err.schist = (mean.ra.schist[i, mean.col.num] mean.ra.schist[i, low.ci.col.num]),
low.err.bryum = (mean.ra.bryum[i, mean.col.num] mean.ra.bryum[i, low.ci.col.num]),
low.err.cerat = (mean.ra.cerat[i, mean.col.num] mean.ra.cerat[i, low.ci.col.num]),
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low.err.mori = (mean.ra.mori[i, mean.col.num] mean.ra.mori[i, low.ci.col.num]),
high.err.schist = (mean.ra.schist[i, high.ci.col.num] mean.ra.schist[i, mean.col.num]),
high.err.bryum = (mean.ra.bryum[i, high.ci.col.num] mean.ra.bryum[i, mean.col.num]),
high.err.cerat = (mean.ra.cerat[i, high.ci.col.num] mean.ra.cerat[i, mean.col.num]),
high.err.mori = (mean.ra.mori[i, high.ci.col.num] mean.ra.mori[i, mean.col.num]))
raoutputdata <- rbind(raoutputdata, raoutputrow)
}
write.csv(raoutputdata, ra.output.file.name)

outputdata
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9.7 Published papers relevant to this thesis and co-authored by D. King
9.7.1

Lucieer et al. (2014)

Lucieer A, Turner D, King DH, and Robinson SA (2014) Using an Unmanned Aerial Vehicle (UAV) to
capture micro-topography of Antarctic moss beds. International Journal of Applied Earth
Observations and Geoinformation 27: 53-62.

I assisted with the methodological design and development, and ran initial relative water availability
analyses. I provided the analysed moss abundance and community water content data for quadrats
from 2008. I also contributed to ecological understanding of the vegetation communities involved,
and provided feedback on the manuscript.
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9.7.2

Ashcroft et al. (2017)

Ashcroft MB, King DH, Raymond B, Turnbull JD, Wasley J, and Robinson SA (2017) Moving beyond
presence and absence when examining changes in species distributions. Global Change Biology 23:
2929-2940.

I provided the analysed presence/absence data for the mosses in 2003, as well as developing the
methodology and completing the analyses of vegetation cover from photographs taken in 2003. I
also contributed to ecological understanding of the vegetation communities involved, and provided
feedback on the manuscript.
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Abstract
Species distributions are often simplified to binary representations of the ranges where they
are present and absent. It is then common to look for changes in these ranges as indicators of
the effects of climate change, the expansion or control of invasive species or the impact of
human land use changes. We argue that there are inherent problems with this approach, and
more emphasis should be placed on species relative abundance rather than just presence. The
sampling effort required to be confident of absence is often impractical to achieve, and
estimates of species range changes based on survey data are therefore inherently sensitive to
sampling intensity. Species niches estimated using presence-absence or presence-only models
are broader than those for abundance and may exaggerate the viability of small marginal sink
populations. We demonstrate that it is possible to transform models of predicted probability
of presence to expected abundance if the sampling intensity is known. Using case studies of
Antarctic mosses and temperate rain forest trees we demonstrate additional insights into
biotic change that can be gained using this method. While species becoming locally extinct or
colonising new areas are extreme and obviously important impacts of global environmental
change, changes in abundance could still signal important changes in biological systems and
be an early warning indicator of larger future changes.
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Introduction
The distributions of species are often presented as geographic ranges, binary classifications of
where they are present and absent (Gaston, 2009). These can be useful guides for where
species may be encountered, but usually lack detail on variations in density and the
patchiness of occurrence within these ranges. This limitation is particularly important near
range boundaries, where populations may be so small, sparse and variable that it is virtually
impossible to be certain where a species becomes entirely absent (Brown et al., 1996;
Hanewinkel et al., 2014; Seipel et al., 2016). If species ranges are only used as rough guides
then uncertainty on range boundaries are perhaps not critical. However, when investigating
the effects of climate change on species ranges (Parmesan & Yohe, 2003; Hickling et al.,
2005, 2006), the spread or eradication of invasive species (O’Donnell et al., 2012), or the
impacts of changes in human land use (Ameztegui et al., 2016) it is crucial to determine
species distributions accurately so that changes can be reliably detected. In this article we
highlight some of the issues from focusing only on presence and absence of a species when
examining the impacts of environmental change and suggest some alternatives that can be
used, even when data is only collected in presence-only or presence-absence format.

Defining species ranges using abundance estimates
Species ranges are often determined by examining samples of communities across an
environmental gradient or region. Each sample may consist of museum or herbaria records in
a 10 km grid cell, a survey of 1 ha quadrats, or any other data depending on what is available.
Usually studies have sufficient data to determine where the core of a species distribution is
located, but if there are false absences (present but not observed) near range boundaries then
there is a risk that range sizes will be underestimated and changes in range incorrectly
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inferred (MacKenzie et al., 2002; Bates et al., 2015). While false absences near range cores
may have no effect on the overall ranges, it is crucial to be certain of absences near the
boundaries, as even a single observation may extend the estimate of the overall range or
imply a species distribution has changed if surveys from multiple time periods are compared.
In this section we examine the degree to which we can be confident in delineating
range boundaries by where species become absent. We are primarily concerned with
situations where a finite community size for each grid cell or quadrat can be estimated (e.g.
by extrapolating from subsamples or similar communities) and the effort that has been
expended to sample each community is known. In our model, the community size is assumed
to be an abundance of individuals, but similar methods could be used if community size was
estimated in terms of metrics such as cover. For simplicity we assume each sampled cell or
quadrat has a discrete community of individuals and populations of species, even though we
acknowledge that actual communities and populations may extend outside sampled units.
To illustrate the difficulty in being confident of absence, consider a situation where
there is an estimated community of 1 000 trees in a grid cell near a range margin, and the
requirement is to determine whether species X is present. We assume there is no prior
knowledge on whether the species is present, although situations with prior knowledge are
discussed later. It is only necessary to find one individual of species X to confirm its
presence, but to be absolutely certain of absence it is necessary to sample all 1 000 trees.
Even if we sampled 999 trees without finding the species, it is possible the last tree would
confirm presence. It therefore becomes impractical to separate complete absence from low
density populations as the size of communities or sampling units becomes larger. It might be
possible to reduce the effort required by only requiring a 95% certainty of species absence
(Garrard et al., 2014), but how much sampling effort is required to achieve that?
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We addressed this problem using a Bayesian model to estimate the overall population
of a species that was not observed in a sample (model included in Supporting Information).
To do this we simulated taking a sample of n individuals from a total community of size N,
and estimated the 95% CI for the total population of a species (M) in the community, given
the species was not observed (m = 0). While it was obviously always possible for the overall
population M to be zero when the sample m was zero, if the sample size was small then the
expected population (and 95% CI) could still be quite large due to the substantial possibility
of non-detection.
We found that as the community size (N) increased from 10 to 100 000 (e.g. Fig. 1a, b
illustrate N = 100 and 1 000 respectively) the proportion of sampling needed to confirm a low
relative abundance decreased rapidly, but it was still necessary to sample 76–80% of the
individuals in a community to be 95% sure a species was absent (M = 0; Fig. 1c). In practice,
ascertaining whether a species is 95% likely to be absent is possible for small communities,
and has been suggested as a possibility for environmental impact studies (Garrard et al.,
2014). However, it is an impractical solution for larger communities or for examining
whether ranges have changed over time if the sampled units are large areas, such as 10 km
grid cells (e.g. Hickling et al., 2005, 2006).
An alternative approach that we advocate is to define ranges in terms of a threshold
relative abundance (M / N). That is, instead of constructing ranges by determining where a
species is most likely absent (e.g. 95% certainty that M = 0), which is often impractical to
answer, it is possible to define them in terms of where the expected relative abundance of the
species is less than an arbitrary threshold, such as M / N < 1%. For small communities (N =
10–100 individuals; Fig. 1a, c) the sampling effort required to answer this question is
comparable to investigating absence, but for larger communities the sampling effort is much
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lower (Fig. 1b, c). For example, in a community of 1 000 individuals it is only necessary to
sample 5% of the community in order to estimate a relative abundance below 1%, or 29% of
the community for an abundance less than 0.1% (Fig. 1c). This is much more achievable in
practice than the 78% sample coverage required to be 95% confident of absence. The
threshold can be defined such that the range only includes locations where the population
abundance is sufficient to be ecologically viable, and can exclude locations where the species
is only present in small marginal sink populations. Of course, the vague definitions of which
communities are small and large will depend on factors such as the scale of the study and the
available sampling budget, as it is a reflection of what is feasible to survey.
The model presented here assumes there is a known finite community size and that
individuals can be selected at random. In this paper we assume this is acceptable for studies
of trees in a forest and moss shoots in a slow growing Antarctic environment. However, there
may be limitations when applying the models to mobile, cryptic or secretive species, or when
sampling is biased towards roads or other features. While questions remain in these
situations, we suggest that similar limitations still apply to presence-absence studies. It is still
difficult to be confident of absence (e.g. Wintle et al., 2005), and therefore determine if
species distributions have changed, and even where a species is present, it is still important to
know if it has sufficient abundance to be a viable population.

Transforming probability of presence to relative abundance
In the previous section we suggested that species ranges should be defined in terms of
relative abundance rather than simply presence or absence. This is a pragmatic suggestion
based on sampling effort, and is particularly relevant to determining past changes in species
ranges by repeated sampling of standardised quadrats or transects. However, in many cases
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the only data available are in presence-absence format, or even presence-only (Elith &
Leathwick, 2009; Phillips et al., 2009), and we are often interested in modelling changes in
species ranges. Indeed, in many cases changes in species ranges are inferred by ecological
niche (Pearson & Dawson, 2003; Araújo & Peterson, 2012; Bates et al., 2015) or dynamic
models (Schurr et al., 2012; Merow et al., 2014; Pagel et al., 2014) rather than intensive
sampling per se. This leads to two further questions: How do species response curves for
presence compare to those for abundance, and is it possible to estimate abundance from
commonly used models of probability of presence?
We addressed these questions by simulating the abundance of a species population
(M) using a negative binomial model (O’Hara & Kotze, 2010; Lindén & Mäntyniemi, 2011;
Warton et al., 2016) and then once again randomly sampling n individuals from an overall
community of size N using a hypergeometric distribution. By repeating this 10 000 times we
were able to examine how the probability of occurrence in the sample, P(m > 0), related to
the expected relative abundance of the species in the overall community (M / N). Note that
unlike the previous section both probability of presence and expected abundance are
threshold independent, although a threshold could be applied later to convert these to a binary
range.
The negative binomial distribution used to simulate the population abundance (M) can
take different shapes, approximating Gaussian (Fig. 2b) or exponential decay (Fig. 2a)
distributions depending on the parameterisations. As it is not possible for the species
population (M) to be greater than the total community size (N) the curves were truncated and
scaled so that the total probability summed to one. The distribution of the abundance of the
species in the sample (m; Fig. 2c, d) had a similar shape to that of the overall population (M)
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but was zero inflated. That is, there was more likelihood of zero or low abundance in the
sample due to the possibility the species was present but not sampled.
The negative binomial model was parameterised in R (R Core Team, 2015) using two
parameters: mu representing the mean population, and shape (or size; r) affecting the
variability or dispersion (models included in Supporting Material). We assumed the shape
parameter was constant for a species and that mu could change according to environmental
suitability along a gradient. By varying mu and keeping the community size (N), sample size
(n) and shape parameter (r) constant we were able to examine how the probability of sample
presence related to the overall expected size of the species population as a relative abundance
within the overall community.
We found that there were non-linear relationships between the probability of presence
in the sample and expected relative abundance in the overall community. The estimated
relative abundance (M / N) increased very slowly at first, until the probability of sample
presence was approximately 40%–80%, and then started to increase more rapidly. As the
sampling proportion (n / N) or shape parameter (r) increased this non-linear effect became
stronger such that even higher probabilities of sample presence were possible even if the
actual expected populations were relatively small (Fig. 2e, f).
This represents a potential hazard for conservation planning or change detection. If
the probability of presence can be high even when populations are relatively small, presenceabsence models might exaggerate the niche width, potentially causing conservation actions to
be directed towards small marginal sink populations, which rely on dispersal from other
locations to maintain viable populations, rather than high abundance core populations which
are self-sustaining in their own right. To illustrate this, consider a dataset of three mosses
(Schistidium antarctici (Card.) L. Savic. & Smirn. (syn. Grimmia antarctici Card.), Bryum
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pseudotriquetrum (Hedw.) Gaertn., B. Mey. & Scherb. and Ceratodon purpureus (Hedw.)
Brid.) that occur along a moisture gradient near Casey Station in Antarctica. Schistidium
antarctici occurs at the wetter end of the gradient, with a sparser mixture of C. purpureus and
moribund moss (dead or dying unidentifiable mix of moss species) at the drier end and B.
pseudotriquetrum occurring to some extent in both communities.
We had presence-absence data for the three species and moribund moss (hereafter
simplified to four ‘species’) from 60 quadrats along a water availability gradient, which we
collected in 2003 (sites and quadrats detailed in Wasley et al., 2012; Ashcroft et al., 2016).
We initially modelled the presence of each species using a binomial generalised additive
model (GAM; Hastie & Tibshirani, 1990). We then transformed the predicted probability of
presence to the estimated relative abundance along the moisture gradient for each species
using models like those in Fig. 2e. We assumed the sample size was approximately 200 moss
shoots (nine pinches of up to 20–50 shoots with mosses not always present; Wasley et al.,
2012) from a total community of 260 000 (pinches taken in 20 cm × 20 cm quadrats with
densities ~ 650 shoots/cm2; Wasley et al., 2006; sampling intensity is intentionally low to
minimise impact). The shape parameter was estimated by ensuring the total abundance of all
four species was approximately 100%, and we found a shape of r = 0.4 gave a good
approximation at the moist end of the gradient where moss cover is high (Fig. 3c). The total
abundance is expected to be less than 100% at the dry end of the gradient as lichens become
more abundant and displace mosses (Melick and Seppelt, 1997).
As expected, we found that the niches for all species appeared broader in terms of
predicted probability of occurrence (Fig. 3a) than in terms of predicted abundance in the
community (Fig. 3b). As we suggested based on Fig. 2e, f, this is due to the possibility that a
species can have a high probability of occurrence even when the relative abundance is low.
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The binomial models suggested that all four species were likely to be present along the entire
moisture gradient, although the transformed abundance models suggested the abundance of
some species was very low at the extremes which better matches observations (Selkirk &
Seppelt, 1987; Wasley et al., 2012).
To validate predicted abundances we used photos of 40 of the quadrats obtained at the
same time the samples were taken. We calculated the cover of live and moribund moss from
these photos (D.H.K. unpublished data) and then used the estimated proportions of each
species in each quadrat (based on the Braun–Blanquet methods in Wasley et al., 2012) to
divide the cover of live moss into the three individual species. We found the relationships
between the predicted probability of presence and cover (Fig. 4a, c, e, g, i) all resembled the
theoretical non-linear curves in Fig. 2e, f where the cover generally remained low until the
probability of occurrence exceeded approximately 80%. We found that our predicted
abundance was a better predictor of cover, with improved correlations and much less bias
compared with the presence-absence predictions (Fig. 4b, d, f, h, j).
As a further example, consider the distribution of rainforest trees on the Illawarra
Escarpment, 80km south of Sydney, Australia (Ashcroft et al., 2008, 2009, 2012a). Presence
absence data for 21 rainforest species were collected from 600 20 m × 20 m quadrats and
individual species distributions were modelled using Generalised Additive Models and fine
scale grids of geology, winter minimum temperature, summer maximum temperature and
summer minimum temperature (full details on species and environmental layers in Ashcroft
et al., 2008, 2012a). Landscape scale variations in warming have been estimated by relating
microclimatic observations with Bureau of Meteorology data (Ashcroft et al., 2009), with
future conditions (2040) estimated by assuming current trends continue (thus adding past
change from 1972 to 2006 onto 2006 conditions).
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The richness of rainforest species was estimated by summing the probabilities of
presence for the 21 species (D’Amen et al., 2015). This suggested rainforest species were
present across much of the study area (Fig. 5), and while this is true, they are often only
present in the understorey of communities of Eucalyptus spp., Acacia spp. and other species.
The actual rainforest communities, where rainforest species have a higher relative abundance,
are restricted to locations that are sheltered from the hot, dry north-westerly winds that can be
desiccating for rainforest species and have a large effect on maximum temperatures (NPWS,
2002; Ashcroft et al., 2008).
We again converted the probability of presence of each rainforest species to expected
abundance by estimating the sampling intensity of each quadrat (n = 95, N =100) and
ensuring the sum of abundances was approximately 100% in the rainforest patches (r = 2; See
Figure S1 in Supporting Information for sensitivity analysis with other values of r). We found
that locations where rainforest species were predicted to be abundant were much more
restricted in distribution than the areas where the rainforest species were predicted to be
species rich (Fig. 5). This provides further support that presence-absence niches are broader
than the niches for species abundance. Furthermore, the predicted future changes in
abundance were quite poorly correlated with predicted changes in richness (r2 = 0.299). The
hot, dry inland areas in the northwest were predicted to decline in both richness and
abundance. The moistest, sheltered rainforest patches along the escarpment were predicted to
increase in both abundance and richness. However there were also areas where abundance
and richness exhibited opposite trends, which may occur if the community is shifting to or
from a community where a few species are abundant but richness is low. The overall trend
towards increasing richness along the escarpment may signal a shift from Coachwood Warm
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Temperate Rainforest to the higher diversity Illawarra Escarpment Subtropical Rainforest
(NPWS 2002).
While there are obviously assumptions in these models (e.g. estimated sampling
intensity and shape parameters may vary between species and locations) the results are
qualitatively similar if these values are varied (e.g. Figure S1). The estimated niche width
and distribution of species are still broader based on presence-absence models than they are
based on abundance models. Presence-absence models may therefore exaggerate the niche
widths or distribution of species and place undue emphasis on small marginal populations
(similar to the naughty noughts problem discussed by Austin & Meyers, 1996). Our results
demonstrate that it is possible to predict abundance from probability of presence, if the
sampling intensity and shape parameter of the negative binomial distribution can be
estimated. We therefore suggest that converting probability of presence to the expected
population size allows new ecological interpretations of species niches and ranges that are not
possible with presence-absence predictions alone.
Models for probability of presence are often produced using presence-only data, from
which it can be difficult to estimate the sampling intensity, species prevalence, or sampling
biases (Elith et al., 2011). It is not yet clear how to best estimate these parameters, however,
while the transformation curves can vary considerably (Fig. 2e, f), we have demonstrated
with our examples that approximate estimates are sufficient to generate good predictions of
abundance (Fig. 4) and vastly different distributional patterns (Fig. 5, S1).

Dealing with the limitations of uncertain absences
We have argued that it is often impractical to prove absence, and ecologists should be
focusing on relative abundance rather than simply presence. We have demonstrated that
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Bayesian models can be used to estimate abundance even when a species is not observed
(Fig. 1), and that models for probability of presence can be converted to expected abundance
if the sampling intensity and the shape of the negative binomial distribution can be estimated
(Fig. 3–5). This does not resolve all problems, however, because many ecological concepts
and studies rely on establishing the absence of a species. In this section we discuss methods
to deal with the limitation of uncertain absences in a global change context.

Range changes
Species ranges have attracted particular attention in climate change literature (Parmesan &
Yohe, 2003) and yet there are problems with determining ranges or range changes. For
example, range boundaries are known to be sensitive to sampling intensity, so that greater
sampling in one time period can lead to apparent range shifts (Hassall & Thompson, 2010).
Numerous methods have been developed to address this, including sub-sampling or
examining the mean or median location of species records (Shoo et al., 2006; Maclean et al.,
2008; Hassall & Thompson, 2010). Importantly, these corrections do not improve the
accuracy with which range boundaries are identified, but change the focus to look more at the
core distribution or less extreme margins.
Hanewinkel et al. (2014) divided the range of a species into the core, extended and
occasional occurrence areas based on the likelihood of observing the species. While we have
argued that the limits of the occasional occurrence area are generally impractical to delineate,
greater recognition of the issue could lead to more meaningful and accurate studies on
changes in the core or extended distributions. Rather than claim to be examining changes in a
species overall range (including occasional occurrences), scientists could define clear criteria
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for the extended range boundary in terms of a threshold probability of occurrence, or as we
have argued, a minimum relative abundance.
There is no reason to believe the range boundaries will shift in the same manner as the
core distribution. In fact, it is recognised that different processes operate in different portions
of a species range (Hampe & Petit, 2005). The leading edge is likely to be influenced by
dispersal ability, the trailing edge may be characterised by population fragmentation and
potentially long-term persistence in microrefugia before the overall range actually contracts,
and the core distribution may undergo a crash in population long before the probability of
occurrence begins to decline substantially (Fig. 2e, f). In all cases, focusing on abundance is
likely to give a different picture of climate change impacts than simply presence or absence
(Fig. 5). Studies of range shifts that focus on means or centroids of ranges (e.g. Shoo et al.,
2006; Maclean et al., 2008) are likely to be focused on the core distribution, while those
based on the average of extreme observations (e.g. Hickling et al., 2005, 2006) are more
likely to detect changes in the extended or occasional areas depending on sampling intensity.
The results are not necessarily comparable in meta-analyses unless differences in sampling
methodologies are explicitly catered for (Brown et al., 2016).
Regardless of whether climate change impacts are assessed using abundance or
presence, it is difficult to be confident of range shifts if populations are variable (McCain et
al., 2016). Studies that are based on too few points in time are likely to overestimate change
when they confound long-term trends with short-term variability (Brown et al., 2016). While
there is no easy solution to this, it is possible to minimise the component of short-term
variability that is due to sampling intensity if less emphasis is placed on the extreme range
margins that are inherently difficult to establish accurately.
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Prior knowledge and environmental impact assessment in a changing environment
Biodiversity can be impacted by changes in land use, and legislative approval of human
activities can be impacted by the presence or absence of threatened species (Garrard et al.,
2014). Recently, there has been increasing recognition that detectability is not perfect and the
probability of observing presence can depend on factors such as sampling intensity and the
cryptic nature of species (Chen et al., 2009). If detectability and occupancy are affected by
different factors then potentially the two can be separated (MacKenzie et al., 2002).
However, if abundance varies along an environmental gradient, then changes in abundance
can potentially affect both occupancy and detectability making it more difficult to separate
the two factors (Wintle et al., 2005). Detectability and occupancy are likely to decrease
simultaneously as populations become smaller and more isolated.
A further issue is that if it is accepted that it is only possible to be 95% sure of
absence (e.g. Garrard et al. 2014), this requires a value judgement to be made. Is it necessary
to be 95% sure of absence to allow development to proceed, or 95% sure of presence to halt
activities? Is it possible to quantify the impact to threatened species simply by their presence
or absence, or is it necessary to know that the species is abundant and persistent enough to
form a viable population rather than just dispersing individuals or a sink population?
Garrard et al. (2014) suggested setting a minimum survey effort based on the prior
expectation of species presence at a site. A similar approach could be used for abundance.
Given a prior expectation of species abundance at a site (e.g. from models such as Fig. 3b, 5)
it is possible to estimate the survey effort required to develop a suitable estimate of
abundance. Even if only presence-absence data are collected, a Bayesian model can still be
used to refine the estimate of abundance (e.g. Fig. 1; Royle & Nichols, 2003), and
quantifying the population abundance avoids the value judgement discussed above. Instead of
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quantifying the probability the species is present or absent, this could establish whether or not
the expected population is large enough to be viable. If the prior expectation is that a large
population inhabits the site, a higher sampling intensity would be needed to confidently
confirm a low estimate for the population. If we are confident the species is absent then a
lower sampling effort is sufficient.

Changes in endemism
Unless we are dealing with a well-known species (see discussion of prior knowledge in
previous section), to experimentally prove a species is endemic to one region it is necessary
to prove it is absent from all others. It may be trivial to establish that, for example, giraffes
are absent from Antarctica or even endemic to parts of Africa, but for the majority of species,
which are more difficult to detect and have less prior knowledge, it is very difficult to make
such conclusions. Most species (e.g. invertebrates) have not been described, their ranges
quantified, or the environmental determinants of their distributions identified (the Linnean,
Wallacean and Hutchinsonian shortfalls, Whittaker et al., 2005; Mokany & Ferrier, 2011).
There is therefore a risk that the concept of endemism is limited to easily-detected,
charismatic or well-studied species, or regions where there is a clear barrier to dispersal so
that absence can be confidently inferred elsewhere. If we cannot prove a species is absent in
all other regions, it is necessary to rely on prior knowledge rather than experimental evidence.
One potential solution to this problem is to focus on multi-species and multi-scale
indices of endemism, for example classifying regions where endemism is predicted to be high
to avoid the burden of proving any particular species is absent elsewhere (e.g. Laffan &
Crisp, 2003). This makes intuitive sense in conservation where it is more important to
identify hot spots where many endemic species are threatened (Myers et al., 2000) than to
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conclusively establish the endemism of particular species. From a change perspective we can
then examine changes in collective properties of biodiversity like endemism and richness
(Fig. 5) rather than focus on individual species.

Rare species
In some cases it is particularly important to separate low abundance populations from actual
absence. For example, it may be important to eradicate an unwanted species (Regan et al.,
2006), determine where a newly introduced species has colonised (Ashcroft et al., 2012b),
distinguish between species absence in northern Europe during the last glacial maximum or
persistence in microrefugia (Stewart & Lister, 2001), focus on the distribution of rare species
(Engler et al., 2004), or confirm if a species is extinct (Reed, 1996). In all these cases the
species of interest is likely to be present in low relative abundances. While it still may not be
possible to be certain of absence in these circumstances, the threshold relative abundance
probably needs be set lower than usual. This will increase the sampling intensity required but
minimise the potential population size if the species is present (Fig. 1). This then becomes an
economic question of how much sampling effort is justified given the expected benefits or
risks (Regan et al., 2006).

Conclusions
Any study on changes in species ranges or distributions depends just as much on proving
where they are absent as it does on proving where they are present. While it is crucial to
distinguish between absence and low density populations when dealing with extinction, pest
eradication, endemism and many other ecological phenomena, the sampling effort required to
establish complete absence is often impractical. From a global change perspective there is a
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lot of interest in range changes of species, but it is hard to determine exactly where species
become absent, let alone how ranges change over time. Our simulations and field data show
there can be large changes in relative abundance with very little change in presence, so
population crashes may occur long before change can be detected in overall ranges. While
much ecological data is collected in presence-absence format, and it is simpler to think of
species ranges in such a binary format, we have shown that it is possible to estimate
abundance if we can estimate sampling intensity and the shape of the negative binomial
distribution. This is not to say our method of analysis is the only way of dealing with the
issues, and indeed dynamic models of vegetation demographics may be a better approach to
deal with biotic interactions and disturbances if sufficient information is available to
parameterise such a model (Schurr et al., 2012; Merow et al., 2014; Pagel et al., 2014). The
point we stress is that there are inherent problems with any presence-absence analysis that are
caused by the inherent uncertainty in determining species absence. We have demonstrated
that it is not only simple to convert presence-absence predictions to abundance but that this
provides new insights into global change.
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Model2003Bryophytes.txt – The R code used to produce Fig. 3 & 4
FigureS1.tif – A sensitivity analysis for Fig. 5

217

FIGURE CAPTIONS
Fig. 1. A Bayesian model based on a hypergeometric distribution was used to predict the
relative abundance of a species (M / N) if n random samples were taken from a community of
N individuals (N = (a)100 and (b)1000) without encountering the species (m = 0). If a small
proportion of a community was sampled then the predicted population could be quite high
and uncertain even though the species was not observed. With increasing sampling intensity
(n / N) the expected population approached zero, but to be 95% sure the species was
completely absent 76–80% of the community had to be sampled regardless of community
size (c). In large communities it is more practical to conclude the relative abundance is below
some arbitrary threshold than to infer absence with any confidence.

Fig. 2. The population size of a species (M) was simulated using a negative binomial model
with a community size (N) of 260 000 individuals, a shape parameter (r) of 0.4 (a) or 5 (b)
and selected values of mu. We then randomly sampled n = 200 individuals using a
hypergeometric distribution resulting in a zero-inflated distribution for the species in the
sample (m / n in c & d). We then examined how the probability of species presence in the
sample (P(m > 0)) related to expected relative abundance of the species in the community (M
/ N) under different shape parameters and sampling intensities (e, f). Points in e & f
correspond with the different values of mu, with a curve fitted using a generalised additive
model on logit transformed variables (see Supporting Material).

Fig. 3. The response of 4 moss ‘species’ to a water availability gradient (LogCWC; Log of
community water content) were examined by producing binomial generalised additive
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models using the presence or absence in 60 quadrats (a). We then estimated the relative
abundance for each species (b) by assuming we had sampled 200 moss shoots from a total
community of 260 000 and species populations were from a negative binomial model with
shape (r) parameter of 0.4 (see Fig. 2) such that the total abundance of all four species was
approximately equal to 100% at the moist end of the gradient (c). The niche for each species
appeared broader in terms of presence (a) than abundance (b).

Fig. 4. The predictions of moss presence (left column) and abundance (right column) were
validated using the cover of live (a-b) and moribund (c-d) moss in photos of 40 quadrats. The
cover of individual species (e-j) was estimated using the proportion of each species in each
quadrat (based on the Braun-Blanquet methodology of Wasley et al., 2012) multiplied by the
cover of live moss. The transformed models of abundance (Fig. 3b, right column) were better
correlated with cover and were less biased than the presence models (Fig. 3a, left column).

Fig. 5. Spatial predictions of species richness and total relative abundance of 21 common
rainforest tree species on the Illawarra Escarpment, Wollongong, Australia (34.4 °S, 150.8
°E). The escarpment runs northeast to southwest through the study area and separates the
lowland coastal plain in the southeast from the inland Woronora plateau in the northwest.
Species distributions were built using Generalised Additive Models based on presence or
absence at 600 sample sites and grids of environmental layers (Ashcroft et al., 2008, 2012).
Estimated richness is the sum of the predicted probabilities of presence for the 21 species.
Probabilities of presence were converted to abundance using curves similar to Fig. 2e, f (N=
100, n=95, r=2). Current conditions reflect those measured in 2004 to 2006 (Ashcroft et al.,
2008). Future climates (2040) were estimated by assuming current trends continue and thus
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we added the predicted landscape scale change from 1972 to 2006 (Ashcroft et al., 2009)
onto current conditions.
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feedback on the manuscript.
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